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One of the most complex problems in dealing with fluid 
flow phenomena in packed bed reactors or moving bed reactors, 
particularly iron blast furnaces, is the nonuniformities 
of the burden components. Several extensive theoretical in­
vestigations and experimental works, in laboratory and pilot 
scale, have been carried out on this problem. In this work 
an attempt is made to account for the nonuniformities, namely, 
radial variations of porosity and effective particle diameter 
for a packed column of uniform size balls, in order to 
evaluate their effects on the pressure drop and gas velocity 
distribution. In the present work, where a random packing 
of uniform balls was used, it has been shown that the non- 
uniform porosity and effective particle diameter can be a 
valuable tool in predicting pressure drop in packed columns 
using the Ergun equation. However, in the case of the gas 
distribution in the packed bed, the effect of these non­
uniformities could not be verified by hot film anemonetry.
The sensitivity of the Ergun equation in terms of relative 
contributions of viscous and inertial effects as well as the 
effect of errors in estimating the bed properties has also 
been examined. It is shown that for conditions in the shaft 
of the blast furnace the Ergun equation may be reduced to 
















CHAPTER 3. LITERATURE SURVEY ---------------------------- 17
3.1 Characterization of the Porous Media ------------ 18
3.2 Permeability Concept ---------------------------  24
3.3 General Flow Equations-------------------------- 25
3.4 Gas Distribution in Packed B e d s ---------------- 4 0
CHAPTER 4. THEORETICAL ASPECTS -------------------------  44
4.1 Flow Rate/Pressure Drop Prediction in
Porous Media ------------------------------------  44
CHAPTER 5. EXPERIMENTAL SYSTEM -------------------------- 53
5.1 Packed Bed S y s t e m-------------------------------- 53
5.2 Calibration  -------------------------------------  59
5.3 Experimental Procedure -------------------------  68
Abstract---------------------------------------------------
Table of Contents -----------------------------------------
List of Figures------------------------ -------------------
List of Tables --------------------------------------------
Acknowledgements ------------------------------------------
CHAPTER 1. INTRODUCTION ----------------------------------
1.1 Scope of the Present Work ----------------------
1.2 Organization of the Thesis --------------------
CHAPTER 2. OVERVIEW OF THE IRON BLAST FURNACE PROCESS—
2.1 Ideal Blast Furnace Behavior ------------------




CHAPTER 6. EXPERIMENTAL RESULTS AND DISCUSSION --------  72
6.1 Void Fraction Measurements---------------------- 73
6.2 Pressure Drop Results--------------------------- 75
6.3 Velocity Distribution Above the Packed Bed  91
6.4 Discussion of the Sensitivity of Ergun 
Equation to Properties Values of the
Packing ------------------------------------------ 106
CHAPTER 7. CONCLUSION ------------------------------------ 112
7.1 Conclusions --------------------------------------114
7.2 Recommendations for Further Work -------------- 116
REFERENCES-----------  117
APPENDIX I - Data for Calibration C u r v e ---------------- 125
APPENDIX II - Pressure Drop/Flow Rate D a t a -------------128
11.1 Experimental Data and Least Squares
Analysis----------------------------------------129
11.2 Experimental Data and Ergun Equation -------- 136
II. 3 Evaluation of N]_------------------------------14 0
11.4 Experimental Data and Predicted Data from 
Ergun Equation with Radial Dependence of 
Porosity and Particle Diameter -------------- 148
APPENDIX III - Velocity Profiles ------------------------ 154
III.l Experimental D a t a ---------------------------- 155
III. 2 Effect of the Mass Flow R a t e ----------------170
III. 3 Effect of the Sensor Height------------------ 179





Figure 2.1 Ideal Flow Distribution in a Blast
Furnace ----------------------------------------- 8
2.2 Critical Regions of a Blast Furnace 
More Susceptible to Momentum Transfer 
Problems----------------------------   16
5.1 Photograph of the Packed Bed with
Measuring Devices --------------   54
5.2 General Flow Sheet of the Packed Bed
with Measuring Devices ------------------------  57
5.3 Circuit Diagram of the Anemometer Module
and Power S u p p l y ------------------------------- 59
5.4 Components and Flow Sheet for Velocity 
Calibration of Anemometer-------------- *-------62
5.5 Calibration Curve for Air Velocities --------  64
5.6 Components and Flow Sheet for Calibration
of Pressure Transducer ------------------------  66
5.7 Angular Positions Covered by the Cross
Slide Carrying the Anemometer Probe ---------  71
6.1 Pressure Drop as a Function of Average 
Superficial Velocity. Measured Values and 
Least Squares Fit (1.91 cm Balls) ------------- 77
6.2 Pressure Drop as a Function of Average 
Superficial Velocity. Measured Values
and Least Squares Fit (0.95 cm Balls) -------  78
6.3 Experimental and Predicted Data by the 
Ergun Equation for Uniform Porosity and 
Particle Size (1.91 cm Balls)------- *---   31
vi
T-1971
List of Figures continued Page
Figure 6.4 Experimental and Predicted Data by the 
Ergun Equation for Uniform Porosity and 
Particle Size (0.95 cm Balls) ---------------- 83
6.5 Experimental and Predicted Data by the 
Ergun Equation with Radial Dependence 
of Porosity and Particle Diameter
(1.81 cm Balls)----------------------------------86
6.6 Experimental and Predicted Data by the 
Ergun Equation with Radial Dependence of 
Porosity and Particle Diameter
(1.95 cm Balls) --------------------------------87
6.7 Experimental and Predicted Data by the 
Ergun Equation with Radial Dependence 
of Porosity and Particle Diameter
(0.95 cm Balls)----------------------------------88
6.8 Experimental and Predicted Data by the 
Ergun Equation with Radial Dependence of 
Porosity and Particle Diameter
(0.95 cm Balls ) -------------------------------89
6.9 Measured Velocity Profiles (1.91 cm Balls)—  92
6.10 Measured Velocity Profiles (1.91 cm Balls)—  93
6.11 Measured Velocity Profiles (0.95 cm Balls)—  94
6.12 Measured Velocity Profiles (0.95 cm Balls)—  95
6.13 Effect of Flow Rate on the Measured 
Velocity Profile (1.91 cm Balls) ------------ 98
6.14 Effect of Flow Rate on the Measured
Velocity Profile (0.95 cm Balls)  ----------  99
6.15 Effect of Sensor Height on the
Measured Velocity Profile (1.91 cm Balls) — 101
6.16 Effect of Sensor Height on the Measured
Velocity Profile (0.95 cm Balls) ------------102
vii
T-1971
List of Figures continued Page
Figure 6.17 Predicted Velocity Profile
(1.91 cm Balls) ------------------------------105
6.18 Relative Values of Viscous and Inertial 
Terms of Ergun Equation as a Function 





Table 5.1 Characteristics of the Anemometer Probe ------  58
6.1 Measured Values of Porosity in the
Packed Column (1.91 cm Balls) ----------------  74
6.2 Measured Values of Porosity in
Different Size Pails (1.91 cm Balls) --------  74
6.3 Measured Values of Porosity in 18 cm
Diameter Pail (0.95 cm Balls) ----------------  75
6.4 Values for b (Nl) Obtained by Numerical 




I wish to express my thanks to Dr. G.P. Martins for 
his invaluable guidance and encouragement which have lead 
to the completion of this work. Also, his effort and interest 
in constructing and assembling the apparatus are recognized.
appreciation is extended to the other members of 
the committee, Dr. A.W. Schlechten and Dr. J.P. Hager, who 
promptly met together on a tight schedule to evaluate this 
work.
My fellow graduate students, M. Matos and D. Schwemmer 
deserve thanks for their help in some of the figures and it 
is extended also to Mrs. P. Ballard and Mrs. E.V. Winkle 
for typing this work.
I would like also to express my gratitude to "Usinas 
Siderurgicas de Minas Gerais - USIMINAS" for their financial 
support and in providing the author with leave from his work 
to develop this research.
The generosity of Adolph Coors Co., who provided the 






The interest in flow of fluids through porous media is 
widespread in several engineering disciplines and branches of 
technology. In process metallurgy and in particular, blast 
furnaces, the flow of gases and liquids through the column 
of burden has a great influence on the reactor performance.
The subject has been studied for many years and more recently 
has received greater attention.
The blast furnace process is based on the counter-current 
movement of solids (and liquid) against a gas stream. Factors 
which determine the economics and the rate of production are 
the gas distribution in the moving column and the flow rate 
of air introduced into the furnace. Recent developments in 
blast furnace technology have resulted in improvements in the 
fuel consumption, metal quality and productivity. Of the para­
meters which influence the performance of the process, the 
gas velocity and its distribution are paramount. The production 
depends, mainly, upon flow rate of gases, although the gas flow 
is limited in the upper part of the shaft by particle fluidiza- 
tion as well as "hangups" brought about as a result of fine 
particles being transported upwards and deposited into the 
voids between the particles, thus causing consolidation of 
the bed. In addition, stagnation of the liquid stream, con­
sisting of molten slag and metal, in the lower part of the 
shaft, characterizing the so-called "flooding phenomena", may 
also be a limiting factor. Investigations of these phenomena
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and their influence upon the process as a whole, have been and 
remain a subject of permanent attention by researchers and 
operators of blast furnaces.
This work, it was felt, would provide a worthwhile contri­
bution to the flow of gases through the shaft where only gas 
and solids are flowing counter-currently. This region is 
usually called the "dry zone". A large number of variables 
may affect the gas flow and may be classified according to:
- the nature of the gas (temperature, density, viscosity, 
composition ...)
- the gas flow conditions (velocity, dispersion, flow 
regime, flow maldistribution ...)
- the porous medium properties (void fraction, particle 
size distribution, packing arrangement, segregation ...).
The objective of this work was to investigate and thereby 
obtain a better understanding of the physical aspects of the 
flow phenomena occurring in packed bed systems, specifically 
to study the gas velocity profiles emerging from a packed 
bed for different flow rate conditions and the pressure drop 
required to achieve a given flow rate.
1.1 Scope of the Present Work
The work described in this thesis covers an experimental 
and theoretical investigation of flow in a packed bed. In 
order to test the validity of the predictive theories, the 
experiments were conducted in a cylindrical packed bed where 
the pressure drop per unit length of bed were close to the 
range encountered in the blast furnace.
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In this work, emphasis was given to certain non-uniformities 
existing in a packed column, namely those associated with the 
wall effect, as identified with an increase of void fraction 
near the wall and in general, non-uniform resistance of the 
bed to gas flow. The experimental program consisted of 
measurements of pressure drop and gas velocity distribution 
using hot film anemometry.
1.2 Organization of the Thesis
The thesis consists of seven chapters which are organized 
in the following manner: Chapter 2 is a general description of
the blast furnace process with emphasis given to the gas flow 
phenomena. Chapter 3 covers the literature survey on fluid 
flow in packed beds. The empirical correlations and some of 
the models for fluids behavior in porous media are also men­
tioned. In Chapter 4, the theoretical aspects relevant to the 
present investigation are discussed. Chapter 5 describes the 
equipment used in the experimental study. Chapter 6 gives the 
results obtained from the tests, observations taken from the 
tests and discussion of the results. Finally, in conclusion 
an overall discussion of the investigation and deduced con­
clusions as well as recommendations for further work are 
presented in Chapter 7. Primary data, computed results and 
the computer programs used 'in the analysis of the results are 
contained in three appendices.
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CHAPTER 2
OVERVIEW OF THE IRON BLAST FURNACE PROCESS
General Aspects
The blast furnace operation is based upon the counter- 
current principle: the solid charge, flows downward under
gravity and the gas phase flows upward through the voids 
formed by the solid material, from the tuyere region to the 
top. In the lower part, the coke is consumed by its gasifi­
cation and the iron carburation; the burden is smelted and 
the liquid phases (sla g and metal) flows down to the hearth 
from where they are withdrawn. The gases generated at this 
point undergo mass, heat and momentum transfer as well as 
chemical reactions with the burden promoting its reduction, 
its heating up and ultimate melting as it flows downward.
Thus, in order to obtain high production rates, the 
heat transfer, mass transfer and chemical reaction rates 
should be as high as possible, while the pressure drop due 
to the flow of gases should be minimized, so as not to impede 
the counter-current flow of the burden. In fact, for a given 
furnace and type of burden the maximum pressure drop which
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may be allowed is fixed by the onset of fluidization of the 
burden. Therefore, in practice, the pressure drop across 
the furnace is restricted close to this value. The maximiza­
tion of the thermal and mass transfer/chemical process depend 
mainly on the temperature and reduction power of the gases 
and, consequently, on the fuel consumption of the process.
In addition, since the reactions between the burden and gases 
are heterogeneous an increase of the specific surface of the 
burden component materials or a decrease of the gas superfi­
cial velocity should be, in principle, helpful.
However, it is well known (1-8) that the production rate 
of a given furnace depends, essentially, on the amount of gas 
which flows through the charge in unit time and is a function 
of the amount of air blown and the knetics of the coke gasi­
fication. An increase in this quantity results in an increased 
production rate but lower gas utilization, manifested by 
higher temperature and CO content of the top gases.
Decreasing the particle size, in order to. obtain better 
gas utilization could be harmful to production. This is due 
to the decrease of the column permeability and increased 
resistance to the flow of gases which may also affect the 
smooth descending movement of the burden.
However, since there are thermal and chemical reserve 
zones well delineated in a blast furnace, the influence of
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the amount of gas flowing in the furnace on the thermal 
and chemical changes is minimal (1). Thus, the increase 
in production rate will be a function of the maximum flow 
rate compatible with the reductibility and heat transfer 
characteristics of the burden below this zone. Thus, the 
particle size offers a compromise between better gas utili­
zation (less fuel consumption) and higher capacity of pro­
duction. Therefore, the optimization of the production rate, 
in terms of particle size, is dependent upon two main factors
1) By the burden reductibility and heat transfer 
characteristics which determine the chemical 
reaction rates and heat transfer rates, respectively, 
between the burden and gases.
2) On the permeability, since the flow rate of gases 
through the furnace for a fixed pressure drop will 
be affected, and ultimately, the production rate.
2.1 Ideal Blast Furnace Behavior
From the gas flow viewpoint, the ideal blast furnace 
should be one where the burden consists of particulate 
material in regular shape and size, distributed homogeneously 
throughout the shaft. The gas generated, in front of the 
tuyeres, would flow through a funnel shaped annulus located 
between the dead man (salamander) and the shaft walls, dis­
tributing homogeneously in a cross section of the column of 
materials, as shown in Figure 2.1.
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Figure 2.1 Ideal flow distribution in a blast furnace
This uniform distribution should lead to a homogeneous 
gas flow and smooth burden descent, in such a way that each 
control volume would be subjected to the same thermal and 
chemical action from a certain amount of gas. So, in a given 
cross section of the furnace there would be uniformity of 
gas temperature, pressure and chemical composition, as well 
as burden temperature and reduction degree.
To complete this ideal scheme, there would be a very 
well delineated, thermal reserve zone —  thermal equilibrium 
region between the gas and solids —  and a chemical reserve 
zone —  chemical equilibrium between solids and gases — ■ 
corresponding to ideality from the thermal and chemical points 
of view.
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For a blast furnace working under these conditions, the 
amount of gas which crosses the burden is limited by the 
momentum transfer phenomena between the gas and burden.
The burden ceases to flow when the forces opposing its 
downward movement is equal to its weight. These forces 
are of two types:
1) Friction between particles and between particles 
and the furnace wall;
2) Aerodynamic drag due to the gas flow counter
current with the solids flow.
The major contribution arises from the forces due to 
pressure drop caused by the aerodynamics and may be calculated 
b y :
AP = (pm - pQ ) (1 -e) 2.1
L
where AP is the pressure drop per unit length of bed
L
pm is the solids density 
pg = fluid density 
e = void fraction of the bed.
Depending on the region of the furnace, the momentum
transfer can result in three types of perturbations in the 
descending burden, all of them limiting the flow rate of 
gases. For a flow rate of gases larger than a critical 
value, the blast furnace, obviously, cannot work. These 
phenomena are:
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- Burden fluidization on the top —  when the 
ascending gas velocity rises above a given 
value and transports the solids particles 
out of the furnace.
- Hang up —  represented by the condition ex­
pressed in equation 2.1.
- Flooding or reflux -- when the gas stream is 
sufficiently high to impede, or even return,
the liquid flow descending to the hearth through 
the coke bed.
It is known that the pressure drop is larger for a 
packed bed of smaller particles than for one of larger par­
ticles (7). Other considerations in regard to the gas flow 
behavior lead to the conclusion that the burden should be 
formed by regular shape and size material, of maximum size. 
Besides, these materials should possess enough strength, so 
that the stresses which are imposed on them inside the furnace 
do not cause their degradation. Also, in the lower part of 
the furnace the coke size should be as large as possible 
(the metal and fluxes are molten) in order to decrease the 
pressure drop and the possibility of phenomena such as reten­
tion and reflux, recognizing at the same time the liquid 
flowing down to the hearth also plays a relevant role.
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However, the coke and ore sizes are limited by their 
influence on the rates of the thermal and chemical processes —  
the ore, mainly, by its reductibility and the coke by its 
reactivity. Furthermore, according to Poithier (7), an in­
crease in the coke size may be harmful to the raceway forma­
tion in front of the tuyeres and thus, small particles appear 
more desirable.
The overall consideration of these aspects, even though 
qualitatively, indicates that for each blast furnace, there 
exists optimum values for the size of the burden components, 
which correspond to its optimum performance.
2.2 The Real Blast Furnace
For the real blast furnace, with burdens utilized in 
practice and with usual feed conditions, other complexities 
will be introduced to the former ideal scheme. The first of 
these appear at the interfaces, where layers, constituted of 
coke and ore alternatively, become mixed. Because of the 
thermal and chemical requirements, the particle size of these 
materials is necessarily different and the pressure drop in 
these mixed regions will be greater. It has been shown, 
from experimental results, that an increase of coke size 
corresponds to an increase in the pressure drop for these 
mixed layers (7). According to Proveromo (8), calculations 
for a simulated burden, with all of the layers that would be
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present, show that the interfacial pressure drop would account 
for 20 to 35 percent of the total pressure drop of the shaft.
The void fraction in these interface regions, exhibit a min- 
mum value due to the interpenetration of smaller size particles 
into the voids between the larger ones. As the differences 
in sizes and shapes of the particles increase, the voidage 
will decrease (8).
Another factor to be considered in the amplitude of 
the size distribution of the burden components and the presence 
of very fine material. These fines come from poor burden 
preparation and also from its physical degradation. Within 
the furnace, part of this material is transported out of the 
furnace by the gases, at the top. This phenomena is known 
as self-screening. The fines produced inside the furnace by 
abrasion, decrepitation or degradation during reduction (pro­
duced around 3 to 6 m below the stock line) could i?e harmful 
to the process, since they may be carried by the gas stream 
into the upper burden, accumulating and filling the voids 
between the larger particles through which the gases flow.
This leads to a very high pressure drop and even blockage of 
gas flow in these regions. The burden ceases to flow and this 
phenomena is called hang up.
2.2.1. Gas Flow Distribution in the Blast Furnace. The 
blast furnace burden is seldom made up of homogeneous size 
material. Bulk regions are composed of particles with different
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sizes and shapes. These differences in shape will generally 
result in differences in local void fraction. In fact, the 
porosity is the main parameter which characterizes the per­
meability of a given porous medium and is the inverse of the 
resistance offered by such medium to the fluid flow.
In general, the resistance offered by a coke layer is 
less than one constituted of pellets, both having the same 
height. Non-uniformity of particle size distribution of 
material across the furnace radius, due to feed conditions 
and size segregation, lead to radial variations in porosity. 
There is thus preferential flow and consequently non uniform 
gas flow through the burden.
Wall effect also influences the permeability of the 
burden. This effect is characterized by an increase of 
voidage in the neighborhood of the wall. According to in­
vestigations done in a cold cylindrical packed bed (9, 10,
11), the void fraction is a function of the distance from 
the wall and the ratio Dt/Dp, of the cylinder diameter to 
the particle diameter. Consequently, the velocity increases 
to maximum close to the wall and then reduces to zero at the 
wall.
Consideration of the thermal and chemical capacity of 
the gases lead to the conclusion that the harmful effects 
caused by irregular distribution of gases, would be reduced
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somewhat, if a more homogeneous gas distribution were obtained.
The previous statement would be true if the burden were also 
homogeneously distributed. However, the burden components 
may become maldistributed due to the burden flow and general irre­
gularities in the furnace operation. Quite commonly this 
leads to preferential flow either in the central region of 
the furnace or the periphery and would lead to localized 
momentum transfer problems discussed later. Two schemes to 
control these situations have been devised. The objective 
is to increase the concentration of the ore component of the 
burden where the flow is preferential. Thus by suitably 
changing of the ore component to the central or peripheral 
region, as the case may be, the control action may be accom­
plished. The control action is continued until the desired 
change is accomplished.
2.2.2. Influence of the Raceway on the Furnace Gas 
Distribution. Studies on cold model have shown that the 
descending motion of the burden depends, essentially, upon 
the phenomenon which occur in the raceway zone. In this 
region, a void is formed where the coke particles and gases 
are essentially in rotational movement with the coke par­
ticles fluidized (8).
The coke is gasified, preferentially, in the regions 
where the air velocity is highest. At increased flow rates, 
the air penetration and coke gasification are greater and
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the burden flows faster. At the lower region of the furnace, 
immediately above the raceway, the burden sinks in a funnel 
shape volume (10). Several works on raceway phenomena in 
cold models have been reported (14-2 0). Although the number 
of variables which affect the size and shape of the raceway 
is very great, good correlations between the blast knetic 
energy and blast penetration have been obtained (14-16).
More recently, a mathematical model has been proposed to 
represent the size of the raceway (49,51). This mathematical 
representation was based upon a macroscopic momentum balance 
applied to the gas jet from the tuyere and the use of Navier- 
Stokes equation to describe the flow in the cavity.
2.2.3. Perturbations on the Furnace Performance. In a 
real blast furnace, there is a limitation to the flow rate 
of gases which passes through its cross section. This limit 
is determined by the onset of problems associated with momen­
tum transfer between the gas and the descending phases.
Figure 2.2 shows, schematically, the critical regions in the 





3) Softening and Primary 
Slag Formation Zone
4) Liquid Flow Zone
5) Raceway Zone
6) Dead Man (Salamander) 
Zone
2.2 Critical regions more susceptible to momentum
transfer problems
Fluidization zone: where particles of material fed
into the furnace may be fluidized by the ascending 
gases or even blow out of the top.
Degradation zone: where the fines, mainly, from
decrepitation and degradation under reduction, may 
be transported by the gas without reaching the top 
due to the inter-penetration of smaller particles 
in the larger ones, voids may form a layer with 
very low permeability.
Softening and primary slag formation zone: where
material at incipient fusion, having a high viscosity, 
may act as a binder with the burden and contributes
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to an increase of the gas flow resistance. Also, 
a premature or extended softening of the fluxes, 
can cause aglomeration or the burden and very high 
pressure drop or, more frequently, considerable 
perturbations on the gas flow distribution.
- Liquid flow zone: where the liquid phase flows 
to the hearth, may be held-up or even returned by 
the ascending gas stream.
- Raceway zone: where its size and coke movement
affect the gas distribution in the furnace.
In addition, poor gas distribution which may consider­
ably disturb the furnace performance can be caused by chan­
neling which occurs because of segregation of the particles, 
due to feed conditions and or the flow of burden. Associated 
with this full scale channeling, local effects due to hetero­
geneity in reaction rates of the burden may lead to local 
increased voidage and ore channeling within the bed. These 
phenomena may accentuate irregularities in the radial gas 
distributionand consequently losses in furnace efficiency.
Therefore, the blast furnace performance as it is depen­
dent upon the gas flow rate may be identified with:
- Flow rate restrictions— limiting the capacity of 
production.
- Gas flow perturbations phenomena —  which affect the 




In this chapter, a review of flow of gases through 
porous media is presented. This review covers the macro­
scopic properties of a porous medium as they relate to 
classical theories for predicting the pressure drop in a 
packed bed. Also, the most widely accepted equations to 
evaluate the pressure drop arepresented.
The chapter is divided into four sections. In the 
first section a general description of porous media char­
acterization is done in terms of properties needed for 
pressure drop/flow rate prediction, namely:
- Void fraction or porosity of the packing;
- Size and shape factor of the particles.
In section 2, permeability is discussed in terms of 
Darcy's equation, which is perhaps the commonly held concept 
understood by blast furnace operators. The equations usually 
used to evaluate the pressure drop through a porous medium 
are presented in the third section. Finally, in section 4 
the more recent developments in evaluating pressure drop and 
the gas flow distribution in packed beds evaluated in terms 
of velocity distribution are given.
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The sections which follow are not necessarily in chron­
ological order of the developments in the subject, however, 
the purpose is to present it in a logical and rational sequence.
3.1 Characterization of the Porous Medium
There are many reasons for and ways of characterizing 
a porous medium. However, in this section only those proper­
ties which are used in a variety of empirical correlations 
to predict pressure drop as a function of the fluid flow will 
be described. In these correlations, apart from the fluid 
properties, the porous medium properties, namely void fraction 
of the bed and particle size are required. The particle size 
for a spherical shape is its diameter. However, for an irre­
gular shape, its size is a chosen "characteristics dimension" 
of the particle, corrected by a shape factor, sometimes called 
sphericity which attempts to relate the particle to an "equi­
valent sphere". Common ways available of measuring these 
properties are now presented.
3.1.1. Porosity and Packing. Porosity is expressed by 
the ratio of the void space volume to the volume of the porous 
medium containing these voids.
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In dealing with interconnected pores, the porosity defined 
by equation 3.1, is called "effective porosity" or simply 
porosity. In fact, for a packed bed of particles it is the 
ratio of the void space existing between the particles, to 
the total space occupied by the packing.
The word packing is intuitively, associated with some 
sort of arrangement or distribution of particles. For a 
packing of spheres of the same size, there exists a large 
number of ways in which the spheres may be arranged, as shown 
by Martin et al (24). It is well known that the porosity 
is dependent on the type of particle arrangement. However, 
the ideal situation of a regular packing constituted of uni­
form spheres, rarely occurs in industrial processes. In the 
blast furnace, this situation certainly does not exist. A 
great number of non-uniformities are present in the system, 
such as differences in particle size, density, shapes and so 
forth. Because this complexity of structure of the porous 
medium exists, the concept of shape factor was introduced, 
so that any particle can be characterized by one of its 
dimension corrected by an appropriate shape factor. Thus, 
this concept has been used to associate an irregular particle 
shape with a perfect sphere.
3.1.2. Particle Characterization. Although there are 
several ways to characterize a particle, only those prcpertie
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which appear in the pressure drop/flow rate prediction 
equations, will be mentioned. They are: particle size,
specific surface, shape factor/sphericity.
Particle size: the existing empirical correlations
for pressure drop in porous medium, always take into account 
the characteristic dimension of a particle usually referred 
to as the "particle diameter". There are several ways to 
express the dimension of a particle and the "particle dia­
meter" depends upon:
- the method utilized
- the measuring device used
The methods of measurements of particle size are widely 
described in the literature (21, 22, 25, 26). It is perhaps 
sufficient to say that the most widely used method is in 
fact screening. Of course the particle diameter of a sphere 
is immediately obvious. In fact, the sphere is used as the 
basis for characterizing non spherical particles and is dis­
cussed subsequently.
Specific surface: The usual way to derive particle
specific surface is by the ratio of particle surface to the 
unit weight or unit volume of the particle. This ratio can 
be expressed by:
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where, Sp is the surface area of the particle?
Wp unit weight of particle;
Vp unit volume of particle?
Sw and Sv are the specific surface of the particle
based upon its weight or volume, respectively. 
From equations 3.2 and 3.3 we can see Sw and Sv are proportional
to each other by the particle density. That is:
sv ppsw 3.4
where pp is the particle density.
If a packed bed is constituted of uniformly sized spheres, 
Sv can be easily related to the sphere diameter Dp, by:
However, for an irregular particle, defined by some dimension 
Dr-,, such as sieve size, it is necessary to introduce a <J> 
sphericity factor , so that the true specific surface may 
be obtained, according to:
For a mixture of particles of any shape or size,
= lrp2p = 6
3.7
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where is the size fraction by weight or volume, for example, 
in a screen analysis. As a matter of fact, the first attempt 
to characterize particles of non-spherical shapes, by intro­
ducing a shape factor was given by Carman (33), using equation
3.5.
Shape factor/sphericity: The shape factor is usually
expressed in terms of the ratio of particle surface or volume 
to the surface or volume respectively of the sphere of dia­
meter equal to the characteristic dimension of the particle.
Volume: The shape factor is equal to the ratio of the 
particle volume to the volume of a sphere having the same 
diameter as the particle.
^v =
n 3K Dp = 6 K 3.8
IT n 3 TT
6 P
where K is a proportionality constant. For a sphere, K is 
equal ^ / 6  and thus, 4>v becomes 1 .
Surface: The shape factor is also expressed in terms 
of the ratio of a particle surface to the surface of a sphere 
having the same "diameter11 as the particle. It turns out to 
be the ratio of the specific surface of the particle to the specific 
surface of the sphere having the same "diameter" as the 
particle, that is:
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,, Sw pp Dp sw 3.9
TT P n ^
7T P p 2
PP - 6
or i>s = Sv DP
Expression 3.9 and 3.10 give the shape factor in terms of 
particle unit weight and unit volume, respectively. If the 
result of a screen analysis is available, the shape factor 
can be evaluated by means of equation 3.9 or 3.10, by sub­
stituting D by D (the sieve diameter). Also, the specific
ir ir
surface does depend on the particle size (26), therefore, 
for a wide size distribution, or should be calculated 
individually for each size fraction.
» Another way to express the shape factor is presented 
by Szekely (29) and Brown (30). It is given by the ratio of 
the surface area of a sphere having the same volume as the 
particle to the surface area of the particle.
<f> = !s. = - I_(1ZE)2/3 3. HSp Sp Sp tt
where Dq is the diameter of the equivalent sphere of volume 




The permeability concept appeared with Darcy's law in 
1856 and, from his experiments, he obtained the relationship 
(21-23):
Q = K-, A &E.
1 L
where is a proportionality constant called the permeability 
of the porous medium and the minus sign indicates the flow 
rate Q is in opposite direction of increasing L. In equation 
3.12 the units of K are L^t M“1 and this constant depends on 
both the medium and fluid properties. Nutting (21), introduced 
the concept of specific permeability, where the fluid vis­
cosity is incorporated, according to:
KX = 51 3.13
y
The parameter K2 m  the equation 3.13 has units of L and 
is called a Darcy, equivalent to 9.87 x 10“9 cm^. The 
physical meaning of the parameter K]_ in the equation 3.12 
is that it represents the "conductance" of the porous medium 
to the flow of fluids when a pressure gradient is 
imposed across it. Kj_ or K 2 can be measured experimentally 
for given conditions of the medium and fluid. However, it 
is very difficult to predict directly from the porous medium 
and fluid properties which affect it. Although a direct 
approach to finding relationships between the various
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properties of the porous medium is to attempt to establish 
empirical correlations (21). Thus, several relations have 
been used to make the data fit the desired equations. Most 
of those relations are discussed by Scheidegger (21).
Even though the physical meaning of permeability is 
very restricted and vague, it is considered by blast furnace 
operators as the conductance offered by the burden to the 
gas flow, therefore is the inverse of the resistance offered 
to the flow of gases, not withstanding that Darcy’s law is 
restricted to a certain range of Reynold's number where 
viscous forces are predominant.
3.3 General Flow Equations
In this section will be presented the most widely used 
equations for pressure drop calculations in packed bed based 
on the fluid and porous medium properties. These equations 
will be presented according to:
- Hydraulic radius theory;
- Empirical correlations between friction factor 
and Reynolds number
3.3.1. Hydraulic Radius Theory. The hydraulic radius 
has been used in connection with flow in porous media based 
upon the hypothesis that the porous medium is equivalent to 
a series of channels, such that the channel length char­
acterizes the medium (21, 27, 28, 29, 33). It is defined 
as:
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M = cross section,area normal to flow 
wetted perimeter
For a uniform cross section tube, it is equivalent to,
M = volume filled with fluid 
wetted surface
which for a cylindrical tube becomes,
M = Dt
4 3.14
where Dt is the tube diamter.
For a packed bed of length L, the expression for hydraulic ® 
radius is the ratio of volume available for flow or volume 
of voids in the packing to the total wetted surface:
Vv
M = = e 3.15
Sp " H  sbvt b
where represents the total surface area of the bed per 
unit volume of bed and it is related to the specific surface 
of particle through the relation:
Sb = Sv (1 - e) 3.16
Therefore, the hydraulic radius for a packed column is
expressed by
M = £_____
Sv ( 1 - S)
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Hagen-Poiseville Law: The Hagen-Poiseville law may
be derived from momentum balance, for flow in a circular 
vertical tube using appropriate boundary conditions. The 
expression for average velocity is given (28, 28, 29) by:
Equation 3.18 is valid for laminar steady state flow of 
incompressible fluids in tubes having sufficient length to 
make the ends effects negligible. In analogy with equation
3.18 one can write for a packed column:
where is a proportionality constant and Up is the average
velocity in the interstices of the bed. However, in dealing
with porous media, the superficial velocity U is commonly 
used, i.e., the total flow rate divided by the cross section
area of the bed normal to the flow.
U is related to Up, as shown by Dupuit (33), by the equation:
3.19
3.20
ux = u 3.21
£
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Equation 3.21 was formulated on the assumption that the 
pore space is isotropic and randomly distributed and e is 
the porosity of any layer of infinitesimal thickness normal 
to the flow direction. Equation 3.21 does not apply to 
regular packing, such as cubic arrangements, where e varies 
periodically with the layers (33).
Kozeny Equation: Kozeny's theory was developed assuming 
the porous medium is equivalent to a series of channels.
This theory makes use of observations that the permeability 
has the dimensions of length squared. Such length may be 
called the "hydraulic radius" of the prorous medium and is 
presumably related to the hypothetical channels to which 
the porous medium is thought to be equivalent (21). In fact, 
Kozeny's equation may be obtained combining equations 3.15, 
3.19, and 3.21. That is:
Equation 3.22 has been modified by Carman (35). He pointed 
out that because of the tortuous character of the flow through 
a porous medium, the length of the equivalent channels should 
be Le , where Le is greater than the packed depth L, so 
equation 3.22 may be written as:
ap   i ys2b u
L K 3 e3
3.22
AP K 4 VSh2 Uq 3.23T e
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where K 4 depends on the shape of cross section of the 
channel. He also introduced a correction in the Dupuit 
relation (equation 3.21) by:
Up = U Le 3.24
£ L
Considering that the sinuous path of an element of fluid 
is not only parallel to the direction of flow, therefore, 
the time taken for such an element of fluid to pass over 
a sinuous path of length L , at velocity ULe/£L, corresponds 
to that required to pass through a distance L, at a velocity 
U/£. Thus, equation 3.23 may be written with 3.24, as:
Ap = K„ ̂  2b 2 U (Ze\2 3.25
-L 4 " ̂3 (-lJ
Equation 3.2 5 is called Carman-Kozeny equation.
An equation similar to 3.22 has been obtained (27, 28) 
by introducing the specific surface expression (equation 3.16) 
into 3.22, which then gives,
Ap = _ 1  USV 2 (1 - e) 2 U
L k3 3 3.26
The last expression is the so-called Blake-Kozeny equation and
the value for 1/K-a was found to be equal to 25 (27). Also,
6
equation 3.26 is valid for low values (less than 20) of the 
Reynolds number where the viscous forces are predominant and 
the Reynolds number is defined (27, 29) by
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R,e pDeJJ y (1 —£)
3.27
Substituting for the particle specific surface, expressed by
3.5, the Blake-Kozeny equation becomes:
3.3.2. Friction Factor and Reynolds Number Correlations.
Friction Factor: The definition of friction factor varies
from one text to another, however, the definition used by 
Bird (27) will be used here. It is also the most widely used 
in texts on transport phenomena (28, 29). It is given by 
the following expression:
where FK is the force associated with the kinetic behavior 
of a fluid flowing in a straight conduit of uniform cross 
section or around a submerged object which has either an axis 
or a plane of symmetry parallel to the direction of the 
approaching fluid. A' and K 1 are, respectively, the char­
acteristic area and kinetic energy per unit volume of fluid, 
f is a dimensionless quantity called the friction factor.
For the particular case of flow at an average velocity 
U through a circular tube of radius R and length L with a 
"total" pressure drop $ q - ? l ) which includes the effect of 
gravity, one has:
3,28
FK = A 1 K 1 f 3.29
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FK 3.30
A 1 = 2ttRL 3.31
K* = 1 P̂ r U 2 
2
3.32
Thus, on substituting into 3.29, the definition for f becomes:
where Dt = 2R, the tube diameter.
For a packed column, the friction factor is defined (27, 
28, 29) in analogous way to that for flow in conduits. That 
is:
Comparing equations 3.33 and 3.34, it can be seen that the 
tube diameter, Dt/ has been replaced by the particle diameter 
Dp and the average velocity in the tube by the superficial 
velocity U.
Reynolds Number: The definition of Reynolds number used
here is in accordance with Bird (27) and Poirier (28). It 
is represented by equation 3.27 in section 3.3.1. Even 
though, other definitions appear in the literature. According 
to Szekely (29)
f = 1 __ ________
4 L k p U 2 
2 f
3.33
t = i (£jo) fl) - q1 ^£ ( ->0 ~ ^ L )
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3.35
or defined by Leva (38), as:
Re 3.36
where G is the mass flow rate and equal to Pf U. It can be 
shown from dimensional analysis that the friction factor is 
a function of the Reynolds number. Thus, a correlation between 
friction factor and Reynolds number may be expected.
Blake Equation: Among the earliest investigators using
correlations, Blake (34) obtained the following equation:
This equation was obtained by correlations between two groups 
of variables:
In equation 3.37, K 5 is a proportionality constant. It has 
been reported (3 6 ) that a value of 5 for the constant 
was obtained and that equation 3.37 is only valid for low 
range of Reynolds number, less than 20, the Reynolds number 
being defined by equation 3.36.
Gauvin (36) reports a modification for Blake equation
3 1 7where the parameter e is replaced by e for the case of
random dense bed of particles of uniform size and shape.
AP
L
K 5 G By2 ^
3p
3.37
AP p s3 




Burke - Plummer Equation: The empirical equation obtained
by Burke and Plummer (37) may be expressed as:
AP _ ^ P U 2 Sb 3.38
L 3£
where C in a proportionality constant obtained experimentally. 
In their experiments, four columns and three particle sizes
were used. Lead shot was used as the packing for the column.
Bird (27) arrives at the same equation (3.38), using 
the definition of friction factor for flow in circular tubes.
It was pointed out that since, for highly turbulent flow in 
tubes with any appreciable roughness, the friction factor 
becomes a function of the roughness only then assuming that 
all packed beds have similar roughness characteristics, the 
following equation may then be written:
_£P = _JL l p U 2 4 f 3.39
L Dt 2 f
combining equations 3.5, 3.14, 3.15, 3.16, 3.21 and 3.39, 
then:
AP - 6 f J L J L  P U 2 (!-£) 3.40
L D 2 f p3p £
from experimental data (27), the value for 6 f was found to 
be 3.5. Therefore,
AP = 1.75 _1 pf U 2 (1-e) 3.41
L D £3
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Equation 3.41 is called the Burke-Plummer equation and is 
valid for Reynolds number, defined by 3.27, higher than 
1000. In fact, it can be shown that through the use of 
equations 3.5 and 3.16, equation 3.41 becomes the original 
one obtained experimentally by Burke and Plummer (equation 3.38) 
Ergun Equation: A formulation proposed by Reynolds
(38) suggested that the resistance offered by friction to 
the motion of the fluid is the sum of two terms, one propor­
tional to the first power of the fluid velocity and the 
other, to the product of the density of the fluid with the 
second power of its velocity, i.e.
AP = a U + bpU2 3.4 2
L
where a and b are functions of the system properties. Using 
statistical correlations, Ergun (38) arrived at the equation:
f = 150 + 1.75 3.43
Re
where f and Re are, respectively, the friction factor and 
Reynolds number defined by equations 3.34 and 3.27. Therefore, 
combining equations 3.27, 3.34 and 3.43, one obtains:
AP = 150 JUL(l-e ) 2 U + 1.75 ^ (1-£)U2 3.44
L D 2 e 3 D £ 3p t £
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It is immediately apparent that equation 3.44 is also ob­
tained by the summation of Burke-Plummer and Blake-Kozeny 
equations. Thus, the restrictions for low Reynolds number 
for Blake-Kozeny equation and high Reynolds number for Burke- 
Plummer has been overcome by the applicability of the Ergun 
equation to the full range of flows covering the laminar 
and turbulent regimes. Equation 3.44 may be treated as the 
energy losses in the packed bed as given by the summation of 
viscous and initial losses, represented respectively by the 
first and second term of the right hand side. Jacks and 
Merril (41) have obtained good results using the Ergun equa­
tion to predict the pressure drop for binary and ternary 
mixtures, well mixed, of mono-sized particles in different 
proportions. They evaluated the parameter Dp in the Ergun 
equation as:
dd = Z ( Xi ) - 1  3.45
dpi
where is the weight fraction of particle having the 
particle diameter dpj_, in the distribution of particle sizes.
Bird (27) and Poirier (28) have presented the intro­
duction of a shape factor for non spherical particles in 
the equation 3.44, as defined either by equation 3.8 or 3.9.
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Leva Equation: Leva and Grummer (39) developed a sta­
tistical correlation between the pressure drop of a fluid 
moving through packed tubes and the physical properties of 
the system. Their results are represented by the following 
equation.
The variables in equation 3.46 have been defined previously 
in this section. The equation is valid for prediction of 
pressure drop as a function of the properties of both the 
porous medium and the fluid, for regular packing and uniform 
particles ranging from 0.4 cm to 2.0 cm size. However, for 
particle sizes other than those used in their experiments, 
a correction factor must be introduced in equation 3.46
Wentz and Thodos Correlation: These workers report
(40) another relation between friction factor and Reynolds 
number for a "distended" bed of spherical particles (3.1 cm) 
arranged in cubic orientation. The distended bed was pre­
pared by separating the spheres with permanently attached 
short lengths of fine rigid wire. Their experimental 
results are expressed by the equation:
AP = 0.0139 f G2 (fr1 * 1 (1-e) 
L 3 3.46
(39) .
f = 0.351/(Re° * 0 5  - 1.2) 3.47
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and is valid for porosity over the range 0.354 to 0.882 and 
Reynolds number, defined by the equation 3.29, between 2,600 
and 64,900.
Several other equations, which have been used to fit
experimental data, are mentioned in the literature (2 1 ).
However, the one most widely used to evaluate pressure drops
in packed reactors and also for optimization purposes in 
*the Ergun equation or some form of it.
3.3.3. Recent Developments. More recently, two dimen­
sional flow behaviors in packed beds has been attempted 
using an extension of the empirical relations discussed 
previously. In these works (4 6-55), the vectorial form of 
the Ergun equation is used to obtain an equation of motion 
by carrying out a mechanical energy balance. This equation 
was solved numerically together with the continuity equation 
and appropriate boundary conditions.
Some works (8 , 46, 47, 48, 50) provide a treatment using 
the vectorial form of Ergun equation to describe flow mal­
distribution in non uniform packings and also in packed 
layers with different resistances to gas flow (53).
Kuabara and Muchi (54), in their work analogously for­
mulated a model based upon the differential version of Ergun 
equation incorporated into the equation of motion together 
with the continuity equation. They used their model to 
predict non uniform gas flow through layered ore and coke 
burdens.
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A sophisticated approach proposed by Kitaev et al (55)
provides a complete mathematical model for gas flow in packed
beds and describes the fluid mechanics process in shaft
furnaces. In this model the gas flow is described by a
set of equations relating to: continuity, motion, energy,
and properties of state for the gas, and heat exchange
between gases and solids. Szekely (56) provides a discussion
*
of some of the practical limitations and one conceptual 
shortcoming of this work.
3.3.4. Stochastic Approach. Another way of describing 
phenomena in complex systems is the conceptual model where a 
complicated system is treated by some fictitious simpler 
phenomena or system which gives the same behavior of the 
quantity one is interested in observing and is amenable to 
mathematical treatment. By this analysis, results are ob­
tained in the form of laws or mathematical relationships 
among the various parameters of the conceptual model also 
appear in these laws and are then related to the parameters 
of the real phenomena (2 2 ).
There have been several attempts to predict porous 
medium behavior through stochastic models (21, 22, 58). Such 
models, according to Scheidegger (21), reflect an incomplete 
knowledge of a complicated deterministic process. In 
general, the stochastic models for flow in porous media 
can be classified into two categories:
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The first type is called "random walk models" which 
are based upon the analogy with the Brownian motion, and 
describes the flow through porous medium in terms of sta­
tistical mechanics (21). The "randomness" is then directly 
ascribed to the fluid particles in an otherwise homogeneous 
medium. The model considers the behavior of a particle of 
fluid, (i.e., a volume of fluid which is small enough not 
to be separated into channels) during its journey. The 
random walk is then produced by random collisions of the 
fluid particle with the pore walls. What happens in each 
time step is assumed to be independent on the earlier steps 
(non-memory process for the simplest models).
The second type, is called "random media models". In 
these models, the motion of a particle of fluid through the 
channels of the porous medium is a deterministic process, 
however, the porous medium possess possible configurations 
which are probabilistically known. In this case, a set of 
possible configurations of the medium must be chosen, the 
microdynamic (deterministic equation of motion of the fluid) 
must be known and fluid particles are tagged. Basically, 
the procedure consists of constructing a random structure 
either by: adding channels in a statistical prescribed
fashion to form a flow net or flow channels are blocked in 
a statistical prescribed fashion in an originally regular flow
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net. Scheidegger (21) provides excellent discussions on 
these types of models.
3.3.5. Stokes Flow Approach. The Navier-Stokes equa­
tion may be obtained by carrying out a momentum balance on 
a fluid element and using the equation of continuity for an 
incompressible fluid. This equation may be found in standard 
texts on Transport Phenomena (27, 28, 29). It is used to 
describe the viscous flow of the pure isothermal fluids.
Attempts at using this equation to describe flow in 
between the voids of packing of simple geometries has been 
quite successful. Stark (44) was able to obtain numerical 
solutions for a variety of idealized porous material. While 
the Navier-Stokes equation itself is rather straight-forward, 
the boundary conditions needed for its solution to a specific 
problem may be extremely complex, thus preventing a solution 
from being obtained. This, in fact, is the case for the 
pores of the packing next to the wall of the packed bed 
(45) .
3.4. Gas Distribution in Packed Beds
One of the earliest investigations on the gas distri­
bution in packed bed was carried out by Schwartz and Smith
(62) who measured the velocity profile above the packing 
using hot wire anemonetry. They used five circular hot 
wire loops and were able to observe the "wall effect" by
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the presence of a peak in the velocity profile near the wall. 
They proposed a theory based upon the concept of a "radial 
pressure defect" to obtain a shear stress which could be used 
in the Prandtl mixing'length theory. In addition variation 
in radial porosity was also assumed. They used the equation 
thus derived to fit their experimental data. Although they 
claimed reasonably good agreement between theory and experi­
mental results, the theory predicted a monotonic increase 
in velocity and is in fact not valid for the region next to 
the wall.
In 1958, Collins (63) repeated the work of Schwartz (62) 
and obtained similar results.
Also Dorweiler and Fahien (70) who investigated mass 
transfer in a packed column at low flow rates measuring the 
radial tracer concentration also measuring the gas velocity 
distribution using the same hot wire anemometer technique 
as Schwartz (62). They obtained the same qualitative results 
with regard to the velocity profile and, in addition, found 
that the velocity profile was independent of total flow rate.
Mickley et al (65) subsequently studied the fluid flow 
in packed bed consisting of large spheres (table tennis 
balls, 3.8 cm diameter). In their work a probe type hot 
wire anemometer was used to vertically transverse the center 
line of voids close to the container wall and in the center
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of the packing. In flow conditions correspond to particle 
Reynolds number, represented by equation 3.33, approximately 
5000 and 7000. The packed bed was arranged in rhombohedral 
array which fitted into a square container and in addition 
by using quarter and half spheres, they were able to construct 
a packing with constant voidage across the bed. Interestingly 
they found that mean velocities in the void near the wall 
were about 1 0  percent higher than for the center void and 
then concluded that the gross velocity profile reaches a 
maximum velocity at 1.5 particle diameter from the wall, 
although it is far from clear how they were able to arrive 
at this decision from the measurements they made. Neverthe­
less, the important finding was that the wall effect could 
not be explained solely on the basis of increased voidage 
which is normally present in cylinders packed with spheres. 
They also examined the velocity distribution downstream from 
the packing and concluded that the flow leaving the voids 
of the last layer of packing is basically different from that 
within the packing since there are no more particles present 
which would otherwise cause the flow within a void to split. 
Thus, they were able to find little correlation of their 
measurements with the profile in the voids. In this respect 
they criticized the work of Schwartz and Smith (62) indi­
cating that if the velocity measurements made at too large
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distance downstream (larger than 4 particle diamter) then 
it is very unlikely that the measured flow distribution 
will bear any resemblance to the averaged packed bed flow.
On the other hand if the measurement is made too close (as 
was attempted by Schwartz (62)) the turbulence intensity 
is too high and a mean velocity measurement is not accurate, 
thus, the root mean square turbulent velocity may be more 
appropriate.
In 1973, Standish (6 6 ) proposed an equation to predict 
the gas velocity distribution in a packed bed of rectangular 
geometry. He used uniform size particles and concludes that 
the velocity profiles were similar to those obtained for 
circular beds given by Schwartz (62). It should be mentioned 
that he employed a "flow separation" or grid on top of the 
bed to average the flow over small cross sections of the 
bed. A similar device was also used previously by Collins
(63). It is apparent that the flow separator must have an 





This chapter describes the mathematical procedure for 
predicting the velocity profile just above the packed bed.
The Ergun equation applied to each radial position of the 
bed is used. Thus, the radial porosity variation is incor­
porated. In addition to the variation of porosity produced 
by the wall effect, an empirical relationship which describes 
the effective particle diameter in the region of wall is 
introduced and accounts for the fluid interaction with the 
wall.
4.1 Flow/Rate/Pressure Drop Prediction in Porous Media
4.1.1. Superficial Velocity. In the Ergun equation,
U is the superficial velocity and is the mean fluid velocity 
in the bed (or region of the bed) in the absence of the 
packing. The fully developed velocity profile in an empty 
cylindrical tube is either paraboloidic or "blunt nosed" 
depending on whether the flow is laminar or turbulent. 
Furthermore, the flow behavior in tubes without packing 
is fairly well understood and can be readily described, as
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is evident from the literature (27, 28, 29, 59). However, 
for a packed bed of particles contained in a tube the actual 
fluid velocity through the voids changes continuously as the 
fluid flows through the bed. Thus for the sake of uniformity 
the superficial velocity is ascribed to such systems. It 
should therefore be realized that the superficial velocity 
profile which may be determined from the Ergun equation is 
purely hypothetical and has no resemblance to that within the 
packed bed itself. Nevertheless, it is a useful concept for 
visualizing flow maldistribution in these systems.
4.1.2. Ergun Equation.
The Ergun equation can be written as,
= f-j. U + f2u2 4.1)
A P 
L
fl and f2 are given by:
where is the total pressure drop per unit bed length andIj
f = 150 y (1 e ) 2 4 2
DP 2 e3
f = 175 _p...(!:■■£). 4.3
2 Dp e3
If compressibility effects are negligible, then in a cylin­
drical bed, for example, U is independent of axial position 
and fi and f2 may be obtained as functions of radial position 
within the bed. Furthermore, if the system is essentially
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isothermal they reduce to solely functions of porosity and 
effective particle diameter. In this case the value of e 
and DpE represents the local values within the bed.
4.1.3. Wall Effects. The presence of the wall of the 
container, causes an increase of porosity as the region next 
to the wall is approached. Thus, for example, the porosity 
becomes a function of the radial position for a cylindrical 
packed bed. This phenomena has been studied in the literature 
(60, 61, 67) and the porosity variation as a function of the 
number of particle diameters from the wall has been presented 
for a random packing of uniform spheres. It is shown that the 
porosity is a periodic function of the distance from the 
wall and varies from 1 at the wall to the value of the bulk 
porosity. The behavior is also shown to be a function of the 
ratio of the tube diameter to the particle diameter.
According to Proveromo (8 ), in most industrial processes, 
the ratio Dt/Dp is very large (about 180 for blast furnaces) 
and, for this ratio the increased voidage will be confined to 
a very small region next to the wall or approximately 1 percent 
of the shaft cross sectional area. However, in some laboratory 
arrangements where the ratio Dt/Dp is not very high, the effect 
has a considerable influence on the velocity profile. Several 
experimental works on measurements of velocity profiles have 
been carried out (8 , 49, 51, and 62-68) and they all obtain a
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peak velocity near the wall. However, there is little agree­
ment as to the point where the peak velocity occurs. These 
measurements have been made just above the packing and in 
some cases even within the packing. Although in the latter 
case it is difficult to assess how meaningful these measure­
ments really are.
Porosity variation: The porosity of a packed bed of 
spheres, as a function of the position from the wall of the 
tube in which they are contained, was obtained by fitting 
data taken from the work of Basilov and Benanetti (60).
This function was found to be:
where X is the distance from the wall expressed in terms of 
particle diameter. Thus, it is given by
or in terms of dimensionless coordinate s*, with origin at
the tube wall, (where s* = s. and is equal to zero and unityR
at the tube wall and center respectively), by the following 
expression:
£ = 0.4 + 0.6 exp (-2.1 X) 4.4
X = s *  (*L_ )DP
4.6
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Expression 4.4 is in fact only valid for a ratio of
tube diameter to particle diameter of 14 , however, itDtDnwas used to describe two cases where (=r*-) were 8 and 16.Dt
The general form of equation 4.4 is in fact
e =  e q  + (1 - e ) exp (-ax) 4.5
where e q  is the porosity at a large distance from the tube 
wall (bulk porosity) and a is a constant which determines the 
rate at which the bulk porosity is approached. Both eQ and 
a were obtained by least squares regression.
Effective particle diameter: An anomolous situation
arises at the tube wall if the expression for porosity vari­
ation is used in evaluating fq and f2 without given consider­
ation to Dp, which should in fact be thought of as an "effec­
tive particle diameter." It is apparent that as the porosity 
approaches unity at the tube wall the velocity would have to 
be extremely large for a finite pressure drop. However, if 
one realizes that the tube wall also interacts with the 
fluid and the velocity should truly be zero at this point, 
then, some means of accounting for this resistance has to 
be found.
One approach which seems particularly attractive is the 
use of the "specific surface" as given by Bird (27) and Poirier 
(28), which is defined by:
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S = total "particle" surface 
v volume of the particle
and used to evaluate a particle diameter for non-spherical
shapes. If the surface of the wall is associated with the
particles it can be seen that Sv would be infinite at the wall 
since the "particle" surface would be finite while the volume 
is zero. Consequently, DpE which is defined as 6/Sv becomes 
zero. Thus, in addition to the porosity variation already 
described, a relationship for Dpg (effective particle diameter) 
was obtained as a function of position from the wall. It 
thus, becomes possible to at least qualitatively describe 
the velocity profile using the Ergun equation. The quantitative 
description of DpE , as a first attempt was obtained using 
the "boundary conditions" on DpE (DPE = Dp far away from the 
wall and zero at the wall) and the same exponential form as 
the porosity except that the quantity X was raised to the 
power 2. The equation takes the form
DPe = Dp [1 - exp (-2.1 X2)]. 4.6
or in general form:
DpE = Dp [1 - exp (bX2)] 4.7
In general b has to be obtained by systematic adjustment such 
that the equation of continuity is satisfied for the system.
The second power for X was chosen since this appeared to give
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peak velocities which agreed with measurements obtained by 
other investigators (62, 63).
4.1.4. The Continuity Equation. The value of U in 
equation 4.1 can be evaluated by rearrangement to give:
where H is the pressure drop per unit bed length and f]_ 
and f2 are functions of r. Thus, since u the axial (Z dir­
ection) velocity and is a function of r, it will now be 
written as Uz (r). If compressibility effects are negligible, 
the continuity equation is:
where Q is the volumetric flow rate and u* is the average 
superficial velocity.
Equations 4.8 and 4.9 may be used to obtain the velocity 
profile and the pressure drop if the flow rate is known or the 
flow rate of the pressure drop is known. If the pressure drop 
is given the procedure is direct and the integral is evaluated 
numerically. However, if the flew rate is given, an iterative 




equation 4.9, after which the velocity profile is obtained. 
It should be pointed out that equation 4.8 describes the 
steady, fully developed, axial superficial velocity profile 
in a cylindrical packed bed with radial symmetry.
The situation is somewhat simpler for the two limiting 
cases which occur when f^ and f2 are each respectively zero, 
as presented by Stanek and Szekely (48).
When f̂ _ = 0, i.e., inertial effects are predominant,
U 7 (r) = (... .IT ■--) 1/2 4.10
L r 2 (r)
4.11
where 4.12
Equation 4.11 may be used to solve for u or n if the other is 
known. Also in dimensionless form the velocity profile may be 
obtained from 4.10 and 4.11 to give
U Z (r > _ J2 4.13
U [f2(r)]V2
Similarly, when f2 = 0, i.e., viscous effects are pre­
dominant ,
U 7 (r) = — IL—f, (r) 4.14
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4.15
where J-, = | f-j_ (r) r dr 4.16
'0
and in dimensionless form,





This chapter describes the experimental equipment and 
procedure used in the investigation. The object of these 
experiments was to test the validity of the equations pro­
posed for describing the flow behavior in a packed column 
of uniform cross sections and containing uniform particles 
(alumina grinding balls).
In the first of the three sections comprising the chapte 
a description of the test system is given together with the 
ancillary equipment for measuring the pressure drop and 
velocity profile in the system. The second section covers 
the calibration of the anemometer and pressure transducer. 
Finally, in the third and last section, the considerations 
given to the range of experimental conditions chosen and 
the procedure adopted are presented.
5.1 Packed Bed System
5.1.1. Experimental Apparatus. The photograph in Figure 
shows an over-view of the equipment. The apparatus was de­
signed in order to obtain readily recorded responses for the
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Figure 5.1 Photograph of the Packed Bed with Measuring Devices
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pressure drop and air velocity measurements, corresponding 
to different blast conditions and burden properties.
This was achieved by using a cylindrical glass column 
(Corning Glass "conical" pipe) packed with spheres (1.91 
and 0.95 cm - 3/4" and 3/8", respectively) where compressed 
air was fed into the bottom through a hole in a blank aluminum 
flange. The flange was fastened with symmetrical arrangement 
of eight bolts to a mating flange and sealed with a beaded 
Teflon gasket. The column dimensions were 0.152 m (6 ") I.D. 
and 1.22 m (4 ft.) length.
On the top of the column, another flange with a 15.2 cm 
(6 ") diameter was fastened and on the top of this a plate with 
a cross slide for carrying the anemometer proble was assembled 
with 1.27 cm (1/2") spacers so that it was situated approxi­
mately 1 cm above the exit of the column and acted as a 
baffle plate thus producing a stabilizing effect on the flow 
leaving the column. The cross slide thus allowed radial 
traversing of the column by the probe. In addition, by 
rotating the flange, different angular positions within 
a plane normal to the cylinder axis could be achieved.
The air, from the "house" compressor, flowed through a 
filter/pressure regulator then through a flow regulation 
valve situated before a rotameter with a range of 0.06 m^/min 
( 2 ft-Vmin) to 0 . 6 8  m^/min (24 ft^/min) and calibrated at
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70°F and 14.7 psia. The outlet of the rotameter was then 
connected to the packed column, through a 3 cm I.D. flexible 
plastic tube.
Figure 5.2 shows schematically the flow-sheet of the 
apparatus used.
5.1.2. Probe Holder. The probe shield which carried the 
probe support with the sensor was supported by a special ball 
swivel which could hold the probe at different heights above 
the packing and also allowed the probe to be positioned 
parallel to the axis of the glass cylinder.
5.1.3. Packing. The packing consisted of alumina grinding 
balls 1.91 cm (3/4") and 0.9 5 cm (3/8") diameter and density 
equal to 3.8 g/cm . The balls had a slightly raised band
(7 mm for the 1.91 cm (3/4") spheres and 3 mm for the 0.95 cm 
(3/8") ones) running symmetrical about one of their diametrical 
planes, and is peculiar to the manufacturing process used.
5.1.4. Pressure Transducer. Two 0.9 5 cm (3/8") diameter 
holes were drilled at 0.5 m apart in the side of the column.
Two nylon compression fittings were sealed in place with 
silicone sealing compound and connected to the pressure trans­
ducer with two lengths of small bore flexible plastic tubing 
























Figure 5.2 General Flow Sheet of the Packed Bed with 
Measuring Devices.
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The differential pressure transducer (Model No. P7D 
0.1 PSID manufactured by Celesco Industries, Inc.) has a 
range of 0-690 Pa (0-0.1 psi) and was connected to a carrier- 
demodulator (Model CD-IOA-Celesco Industries, Inc.) with an 
analog output which can be adjusted for a full range reading 
of 10 volts. This signal was recorded on a Honeywell Model 
19 4 potentiometric recorder.
5.1.5. Anemometer. The air velocity was measured using 
a constant temperature hot film anemometer (Model 1050 manu­
factured by Thermo-Systems, Inc.)
The sensor used was a Model 1210 (standard straight probe, 
from Thermo Systems, Inc.) and its characteristics are shown 
in Table 5.1. The sensor was attached to a stainless steel 
support (18 cm length) which was inserted into a coaxial 
probe shield also of stainless steel. Thus, the sensor 
could be positioned axially, so as to be either outside the 
shield or protected within it. The probe support is con­
nected with a shielded coaxial cable to the Model 1050.
































5.2.1. Anemometer Calibration. The principle of opera­
tion of the anemometer is based on the measurement of the 
amount of electrical energy dissipated in the sensor as a 
result of the cooling effect of the fluid flowing past the 
treated sensor. A wheatstone bridge circuit is used to 
measure the resistance of the film and is used as a control 
signal to maintain its resistance and hence its temperature 
at a constant value. A circuit diagram is shown in Figure 5.3
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and Power Supply.
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The energy dissipated is related to the bridge voltage 
applied by a balancing control amplifier which is thus 
able to keep the hot film probe at a fixed resistance 
value, and therefore a fixed temperature, as a result of 
the current flowing through it. The applied voltage gives 
the energy dissipation and is a function of the mass flow 
rate and temperature difference between the sensor and 
fluid. The relationship between these variables is given 
by King's law (69):
 — ---  = [A + B (pf U_)1/n] (t - t_) 5.1
(R +  R 3 )2 r c s e
where E is the bridge voltage;
R is the hot film resistance;
R 3 is the matching resistance in the "measuring" 
arm of the Wheatstone Bridge;
E/(R+R3 ) is the current in the hot film;
A and B are constants depending on the fluid properties
and type of sensor.
is the density of the fluid;
Uc is the fluid velocity; 
n is a constant equal to 2 ;
(t - t ) temperature difference between the fluids c
(t ) and sensor (to), e 0
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In fact, expression 5.1 can be expressed by:
E 2 = C± + C 2 Uc 1 / 2 5.2
where Cq and C 2 will have specific values for a particular 
type of sensor, fluid, constant temperature difference.
Thus, the sensor may be calibrated by knowing the fluid 
velocity as a function of bridge voltage over a range of 
velocities.It may be seen that equation 5.2 respresents a 
linear relationship when E 2 is plotted against U ^ / 2.
In order to obtain the calibration curve, the apparatus 
shown in Figure 5.4 was used. It consisted of the filter/ 
pressure regulator, flow regulation valve, rotameter (0.003 
to 0.17 m 2/min or 0.1 to 6.0 ft2/min range) and a 3.56 cm 
(1.4") I . D . tube which was mounted horizontally. The rota­
meter had been previously calibrated by the manufacturer.
The "house" compressed air was supplied to the filter/ 
pressure regulator and the flow regulation valve was then 
adjusted to obtain the desired flow through the rotameter 
and thence through the horizontal calibration tube. The 
calibration tube was of stainless steel and the probe could 
be positioned on its centerline by a support as seen in 
Figure 5.4.
The probe was connected to the anemometer and the 
bridge output to a recorder. Low frequency fluctuations
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Figure 5.4 Components and Flow Sheet for Velocity 
Calibration of Anemometer.
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(approximately 1 Hz and 30 mV amplitude) of the voltage 
reading were obtained and an average value was then taken
for the bridge voltage corresponding to the velocity being
measured. These voltage fluctuations, at worse, caused an 
uncertainty in velocity measurement of no more than 7.5% .
The air flow rate was increased by 10 percent incre­
ments to the full scale value of the rotameter.
The calibration curve shown in the Figure 5.5 was 
then obtained by calculating the quantities represented 
by the ones from the raw data given in the appendix I .
The velocity on the centerline of the tube Umax was
calculated from the tube average velocity U, using the 
following expression, given by Bird et al (27), for turbulent 
flow:
U 4
Most of the points shown in Figure 5.5 were obtained in the 
turbulent flow regime for the tube, so that a "flat” velo­
city profile could be obtained and therefore the error 
introduced by the probe not being exactly positioned on 
the centerline was minimized. It would appear that even 
at the lower flow rates (Re < 2000) the velocity profile 
was still "flat" and the laminar paraboloid profile had 






























velocities plotted on the calibration curve, which corres­
ponded to this situation and were well fitted by the line 
for the higher velocities.
5.2.2. Pressure Transducer Calibration. The arrange­
ment for calibration of the pressure transducer is shown 
in Figure 5.6. Filtered air from the filter/pressure regu­
lator unit described previously was supplied to a sensitive 
pressure regulator and a male run tee screwed into its outlet. 
One side of the tee was connected to a needle valve open 
to the atmosphere and through which air flow could be ad­
justed thus producing a pressure drop with respect to the 
ambient pressure. The other side of the tee was connected 
to one side of a male branch tee on the inclined manometer 
(0 - 2  in. water gauge and 0 . 0 1  in readability) with small 
bore (1/8" I.D.) flexible plastic tubing. The other side 
was similarly connected to the high pressure port of the 
pressure transducer and thus was subjected to the same 
pressure as the inclined manometer.
The calibration procedure consisted of adjusting the 
zero on the carrier-demodulator so that with no pressure 
difference across the transducer, the output to the recorder 
was zero volts. The sensitive pressure regulator was now 
adjusted to deliver a small pressure (approximately 0 . 1  psig) 
to the needle valve which was then opened until the inclined
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Figure 5.6 Components and Flow Sheet for Calibration 
of Pressure Transducer.
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manometer registered 1 in water gauge. The span on the 
carrier-demodulator was adjusted so that the voltage output 
was proportional to a value based on 1 0  volts being equiva­
lent to 0.1 psid. The linearity of the pressure transducer 
was checked by observing the voltage on the recorder when 
the needle valve was adjusted to produce a 2 in. water gauge 
pressure differential as read on the inclined manometer.
In all cases this was found to be within the tolerance to 
which the inclined manometer could be read. The calibration 
was performed before each run.
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5.3 Experimental Procedure
This section describes the various procedures employed 
in the experimental program undertaken and covers the measure­
ment of the void fraction of the packing and the flow tests 
in the packed column.
5.3.1. Porosity Measurements. The porosity measurements 
were made both insitu and in cylindrical vessels (plastic 
pails) of various diameters. The basic technique consisted 
of obtaining two weight measurements, one of the volume of 
water required to fill the empty column (or pail) between two 
levels and the other of the corresponding volume of water 
required to fill the voids of the packing when introduced 
into the column between the same two levels. Thus, since 
these weights are directly proportional to the volumes of 
water, then the ratio of the second weight to the first is 
equal to the void fraction of the packing. This may be 
expressed in symbols:
= Vwv _ wwo/p w _ Wwv _ .
Vwc ^wc/pw Wwc
In practice these two weights Wwc and Ww  were obtained 
from the change in weight when the empty column is filled 
with water between the two chosen levels and when the voids 
of the'packed columnare filled with water also between the 
same two levels, respectively. A platform scale was used
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to carry out the weighings to a precision of better than 
1 percent. Void fractions were determined for several random 
packings in the same column (or pail).
5.3.2. Packed-Column Flow Tests. The alumina grinding 
balls were charged into the column with the bottom flange 
assembly in place. The level of balls in the column was 
adjusted to approximately 15 cm (6 in) above the upper pres­
sure tap and about 2 0  cm (8 in) below the top of the column. 
The baffle-plate/probe holder assembly was now mounted onto 
the top of the column and the following tests were now 
carried out.
Pressure Measurements: The air flow rate was increased
3in 1 ft /min increments over the full range of the rotameter, 
and the corresponding voltage output from the pressure trans­
ducer carrier-demodulator recorded on the Honeywell 194. 
Several runs were carried out on the same packing(for a given 
charging of the grinding balls) to test the reproducibility 
of the results. In addition, the packing was removed and 
then recharged to check the "randomness" of the packing 
arrangement in terms of the reproducibility of the results.
In some of the runs the flow rate was not set in a systematic 
manner (increases of 1 ft^/min. increments) but randomly. 
Small fluctuations were observed at the same frequency as the 
measurements done for velocity during the calibration of the 
anemometer.
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The amplitude of these fluctuations were never greater 
than 2 0 mv and corresponded to less than 1 percent uncertainty 
in the measurement made. This, in fact, occurred at the maximum 
flow rate (0 . 6 8  m^/min) for 1.91 cm balls when the pressure 
transducer voltage was about 3.6 volts.
Velocity Measurements: The power to the anemometer was
turned on and after about 15 minutes the "set voltage" was 
adjusted to 2 volts as described in the operation manual.
The cross slide carrying the probe was set up in one of the 
angular positions shown in Figure 5.7. The hot film sensor 
was positioned above the bed corresponding approximately to 
1 cm (1/2") to 20 cm (8 "). Twenty-five point traverses were 
carried out for different flow rates in the range 0.28 m /min 
(10 ft^/min) to 0.68 m^/min (24 ft^/min). The velocity profile 
was thus obtained for the angular positions and probe heights 
previously mentioned. The bridge voltage was recorded on 
the Honeywell 194 as described in the calibration procedure.
The voltage output recorded for a given radial position 
also were subjected to low frequency uniform fluctuations 
and the amplitude was noted to increase when the hot film 
sensor was closest to the bed and immediately above a void 
in the packing. Raising the probe,in general, decreased the 
fluctuations. Emptying and repacking the column and rearrange­






Figure 5.7 Angular Positions Covered by the Cross Slide 
Carrying the Anemometer Probe.
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CHAPTER 6
EXPERIMENTAL RESULTS AND DISCUSSION
The experimental results obtained using the procedure 
described previously will be presented in this chapter.
Also, a discussion of the pressure-drop/flow rate and 
velocity profiles obtained is provided here. This Chapter 
is divided into four sections.
Section 6.1 reports the experimental values for 
porosity at the two different particle sizes used in 
randomly packed beds.
In section 6.2, the pressure drop results are pre­
sented for both, the 1.91 cm. and 0.95 cm. balls in the 
glass test-column. These results are compared with those 
predicted using the Ergun equation assuming uniform particle 
diameter and porosity and also, using the radial variation 
of effective particle diameter and porosity discussed in 
Chapter 3.
The results of the velocity profile measurements 
above the packed bed are presented in section 6.3 and 
shows the effect of sphere diameter as well as mass flow
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rate and hot film probe height above the bed on the profile.
A summary of the results is provided at the end of this 
section.
The chapter is concluded in section 6.4 where a dis­
cussion of the sensitivity of the Ergun equation to the 
property values of the packed bed is presented.
6.1 Void Fraction Measurements
The void fraction (porosity) measurements were per­
formed as described previously in Chapter 5 for both particle 
sizes, 1.91 cm and 0.95 cm balls. For 1.91 cm balls, a 
set of experiments were done in the packed column and in 
different size pails. In all of these experiments the 
particles were randomly distributed into the container.
The reason for using different diameter containers was to 
verify whether or not the vessel size has some influence 
on the bulk void fraction as a result of the curvature of 
the wall.
The results obtained are shown in Tables 6.1 and 6.2, 
respectively for the packed column and the different 
diameter pails.
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Table 6 .1 Measured Porosities for 1.91 cm Balls in 
the 15 cm Diameter Packed Column
^ ^ ^ ^ a c k i n g  
Meas. A B C D E F
1 0.418 0 . 406 0.393 0. 402 0.406 0.396
2 0. 402 0.406 0.406 0.402 0.406
Table 6 .2 Measured Porosities for 1,91 cm Balls in 
Different Size Pails.










1 0.399 0.415 0.399
2 0.402 0.401 0.412
3 0.406 0.404 0.403
4 0.403 0.393 0.405
For the 0.95 cm balls, the experiments were conducted 
in the 0.18m diameter pail. The results obtained are shown 
in Table 6 .3
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Table 6,3 Measured Porosities for 0.95 cm Balls 
in 18 cm Diameter Pail
Packing A B C D E F G H I
Porosity 0.357 0.366 0.366 0.367 0.360 0.350 0.352 0.360 0.349
For 1.91 cm balls (Tables 6.1 and 6.2) the results 
were reproducible within 6 % and also, no systematic 
difference was observed for the different size pails used.
For 0.95 cm balls (Table 6.3) the variation of the 
results was 5%.
6.2 Pressure Drop Results
The pressure drop across the two pressure taps was 
measured, as described in Chapter 5, for various flow rates 
(average superficial velocities). The measured pressure 
drop - average superficial velocity values were correlated 
based on the general form of the Ergun equation and in 
addition the measured results were compared with predicted 
behavior obtained by:
- assuming that the bed porosity and particle diameter 
in the Ergun equation were uniform (independent of radial 
position) and,
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- considering the radial variation of the bed porosity 
and effective particle diameter as described by equations
4.4 and 4.7 respectively.
6.2.1 Measured Behavior
Six tests were carried out for each of the two particle 
sizes studied. In each test twenty three pairs of pressure 
drop-flow rate data were recorded. In general, the results 
were found to be repeatable to within 9%. The results are 
shown plotted in figures 6 . 1  and 6 . 2  and the data are 
recorded in the Appendix IT* It was apparent that one approach 
might be to fit these two sets of data to a general form of 
the Ergun equation as given by equation 4.1. Thus, by 
using a least squares regression of the data, the "constants" 
f and f^ could be determined (i.e. without using the 
property values of the system). In this manner an equation 
representing the experimental results could be obtained.
The line shown in Figure 6.1 is the regression curve
obtained from the data for 1.91 cm balls. The equation of
this curve is:
= 70.8 U + 816.6 U 2 6.1
e
and the correlation coefficient was 0.999. The data for
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and represented by the equation:
329.2 U + 2175.8 U 2 6.2
e
with the correlation coefficient of 0.999.
6.2.2 Predicted Behavior
The pressure drop-flow rate behavior may be predicted 
using two approaches. One is to consider the packed bed 
properties (porosity and effective particle diameter) as 
uniform, and to calculate the "constants" f̂  and of 
equation 4.1 as defined by equations 4.2 and 4.3 respectively.
The other approach is to account for the radial 
dependence of the bed properties and apply the Ergun 
equation to each radial position in the bed as discussed in 
section 4.1.4.
Uniform Bed Porosity and Particle Diameter: In addition
to the bed properties the viscosity and density of the 
fluid (air) is required to evaluate f^ and f2 . The 
conditions of the tests were 8.24 x 10^ Pa (618 mm Hg or 
12 psia) and 295°k (22°c). The density and viscosity of 
the air for these conditions are:
0.975 kg/m 3P
2.067 x 105 Pa. s
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The equations obtained are:
A P 
L E
48.1 U + 839.7 U2 6.3
for 1.91 cm balls, and
A P 
L E
300.0 U + 2457.3 U2 6.4
for 0.95 cm balls.
On comparing equations 6.1 and 6.3, it can be seen that 
the predicted coefficients for U is significantly smaller 
(30%) than the measured value, whereas the predicted co-
is shown graphically in Figure 6.3 where the measured 
results are shown by the line (equation 6 .1 ) and the points 
are those predicted by equation 6.3. As expected the 
agreement improves, as the average superficial velocity is
significant part of the pressure drop. The significantly 
smaller pressure drop predicted by equation 6.3 at the 
lower velocities is a result of the smaller coefficient 
for U. The departure from the experimental results is 
shown by the dashed line and expressed by.
The predicted pressure drop in this case is always smaller 
(18% at the low flow rate and 1 % at the high flow rate).
. . 2efficient for U is only about 5% larger. This comparison
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A similar comparison is shown for the 0.95 cm balls in
Figure 6.4 where equation 6.2 as represented by the line
is shown together with points calculated from equation 6.4.
Unlike the case for larger balls the predicted coefficient
for U is only about 8 % smaller while the coefficient for 
2U is now about 15% larger. Thus, at high velocities 
equation 6.4 predicts a higher pressure drop than that 
measured. The dashed line gives the ratio according to 
equation 6.5. The error in the predicted pressure drop 
is about 3% lower at the lowest flow rate and 8 % higher 
at the highest flow rate. The appendix 11,2 shows the values 
presented in Figures 6.3 and 6.4
Nonuniform Bed Porosity and Effective Particle Diameter:
This approach is basically the application of the Ergun 
equation to each radial position in the bed, since f^ and 
f are in fact functions of the radial coordinate r. Thus, 
a hypothetical superficial (axial) velocity profile is 
obtained for the bed from which the flow rate or average 
velocity may be calculated, as discussed in Chapter 4. 
Equation 4.9 may be rewritten as:
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where r* = ^ 6.7
and the parameter x which appears in equations 4.4 and 4.7
(used for determining f and f̂  as a function of radial
position) is now given by:
(1 -r*) Dtx . 6.8
Implicit in the use of equation 6.5 are the following, 
i) the bed is randomly packed
ii) the unit length of bed being considered is long 
enough to reflect this randomness, thus the radial variation 
in bed properties is independent of axial position.
iii) end effects are negligible compared to the 
effect (pressure drop) produced within the length of bed 
being considered.
Equation 6 . 6  may be solved for U directly by numerical 
integration. Thus, for a given II (AP/L) and the equations 
for determining f and f^ as functions of r* (the equations 
for porosity and effective particle diameter used in 
equations 4.2 and 4.3), the average superficial velocity 
U may be predicted. Since the value of b in the equations 
for the effective particle diameter (equation 4.7) is not 
known, it was decided to use this as an adjustable para­
meter. Its value was determined by using a single experi­
mental point and by systematic iteration on equation 6 .6 ,
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b was adjusted until the value of U predicted for the 
experimental value of IT was the same as that measured. 
With this value of b (referred to as Nl in the computer 
program in the Appendix II.4) superficial velocities for 
the remaining pressure drops were then predicted. The 
results of the prediction are shown in Figures 6.5 - 6 . 8  
for the two sizes of balls and for two values of b, one 
determined from the experimental measurement at the low­
est flow rate and the other at the highest flow rate.
The values obtained for b (Nl) are shown in Table 6.4.
The departure from the experimental results is again shown 
by the dashed line and represents the ratio:
(AP \ is the pressure drop predicted by accounting
M i
for the radial dependency of the Ergun equation. It would 
appear that the value of b (Nl) obtained by fitting at the 
high flow rate , Figures 6 . 6  and 6 .8 , gave better agree­
ment with the experimental results for both sizes of balls. 
In any case the results obtained are only slightly better 
than those predicted by equations 6.3 and 6.4.
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Table 6.4 - Values for b Obtained by Numerical 
Integration of Equation 6 . 6
Randoift^^S^upe r f i c i a 1  
Packing or^Ai^locity
b a l l s ^ ^ i m / s ) 0.05 0.62
1.91 cm 0.3174 0.2797
0.95 cm 0.2520 0.2174
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6.3 Velocity Distribution Above the Packed Bed
Experimental results for velocity measurements above 
the packed bed obtained using hot film a/nemometry are presented 
in this section in graphical form (the values of velocity 
at each radial position are given in the Appendix III) , for 
both 1.91cm and 0.95cm balls. Also presented, are the 
effects of the mass flow rate and height of the anemoneter 
probe on the velocity profile, as well as the predicted 
behavior of the velocity profile and, some conclusions deduced
from the experiments are summarized.
6.3.1 Measured Behavior. Three tests were carried out 
for each of the two particle sizes and for each of two random 
packing arrangements of the last layers. The tests were run 
according to the procedure described previously in Chapter 5, 
for the angular and radial positions shown in Figure 5.7. The 
results, for a given flow rate and angular position of the cross 
slide, were recorded as a function of the radial position. These 
results are shown in Figures 6.9 and 6.10 for the 1.91cm balls 
and in Figures 6.11 and 6.12 for the 0.95cm balls, plotted in 
dimensionless coordinates r* and U* where, r* is given by
equation 6.9 and U* is given by the ratio,
U* = USllL 6.10U
U(r*) = local velocity measured by the anemometer 
U = average superficial velocity in the column.
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In the Figures 6.9 to 6.12, the tests conditions were:
3 3- flow rate of air = 0.28 m /min (10 ft /min)
- height of sensor above the packing = 2.5cm (I1').
The sensor height used in these tests were recommended
by Schwartz (62) and Collins (63), although it should be 
mentioned that they used circular hot wire loop instead of 
the type of probe used in this investigation. It has been 
reported (62) that any other sensor height lower than 2.5cm, 
the last layer of particles plays an important role on the 
velocity distribution and the extreme turbulence of air 
emerging from the packing (radial velocities of air emerging 
from restricted flow and returning to the empty tube conditions) 
would cause the anemometer to indicate too high velocity due 
to cooling by these radially directed velocity components.
On the other hand, if the sensor height is greater than 2.5cm 
the velocity profile approaches that for empty tube velocity 
distribution. Although, most of the runs in the present work 
has been done at 2.5cm, the effects of sensor height are 
illustrated later on in this section. It is apparent from 
Figures 6.9 to 6.12 that the measured velocity profile is 
strongly dependent on the arrangement of the balls constituting 
the last layer of the bed. Thus, as the probe passes above 
a void in this last layer an increase in velocity is measured, 
whereas when it passes over a ball a decrease in velocity is 
obtained. Figure 6.9 is particularly interesting in that it
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would appear that fortuitously the packing arrangement
was such that when the transverses were made along the
three diameters chosen, the probe appeared not to have
passed over any voids in the central part of the column.
It is not difficult to conclude that point measurements
show up the variation in velocity of the fluid emerging
from the bed, unlike the averaged measurements made with
circular hot wires, reported by the worker mentioned above.
Effect of Mass Flow Rate.; The air flow rate was varied
from 0.28 m'Vmin to 0 . 6 8  m^/min ( 1 0 to 24 ft^/min) in incre-
3 3ments of 0.20 m /min (7 ft /min) for both sizes (1.91 and 
0.95cm balls) of packing. The other test conditions remained 
unchanged, i.e., the same angular position of the cross slide 
(AA1) and the height of sensor (2.5cm above the packing).
For each flow rate, the test was carried out by using the 
same procedure described in section 5.3. The results are 
presented in Figure 6.13 for 1.91cm balls and in Figure 6.14 
for 0.95cm balls, in analogous manner to Figures 6.9-6.12 and 
also, these data are tabulated in the Appendix III.2.
From Figures 6.13 and 6.14, it can be seen the total flow 
rate has no effect on the shape of the velocity profile within 
the flow rates investigated. It may be imagined that in a 
plot of U (linear local velocity) against the superficial 
velocity or flow rate, one would obtain a straight line passing 
through the origin with slope equal to the dimensionless
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velocity, for each radial position. Thus, the magnitude 
of the dimensionless velocity is independent of the flow 
rate for each radial position. This finding has been 
previously reported by Schwartz (62), Collins (63), Cairns (64) 
and Mickley (65).
Effect of the Sensor Height. Three tests were carried out 
at the same angular position but for different heights of 
the sensor, for each size packing in order to investigate the 
effect of the anemometer probe position on the measured 
velocity profile. These tests were carried out according to 
the experimental procedure described in section 5.3, i.e. for 
each sensor height the cross slide traversed the entire 
diametrical line corresponding to the angular position AA* 
shown in Figure 5.7. For the packing of 1.91cm balls, the 
sensor heights were 1 (3/8"), 3 (1 3/16") and 5 (2")cm, while 
for 0.95cm balls packing, they were 2.5 (1"), 7.6 (3") and 
20.3 (8 ")cm from the top of the packing.
The results of these tests are presented in Figure 6.15 
for 1.91cm balls and Figure 6.16 for 0.95cm balls. Appendix III.3 
contains the data presented in Figure 6.15 and 6.16.
From these experimental results the following conclusions 
may be summarized:
1) At the lowest sensor height (3/8"), the velocity 
variation from one radial position to another is much sharper 
(represented by the full lines in Figures 6.15 and 6.16) com­
pared with that for the largest distance (8 ") between the probe
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and packing, where this variation is smoother (dotted lines 
in the same figures), approaching a uniform profile.
2) At any radial position of the probe directly above 
a particle, the velocity is low and little change in this 
velocity is observed as the sensor is raised.
3) At a radial position where the probe is above an 
interstice the velocity is much higher compared with the local 
velocity directly above a particle; however, the difference 
between these velocities becomes small as the probe height 
increases.
4) For sensor heights larger than 7cm, the velocity 
profile becomes more uniform and the characteristic velocity 
profile for an empty tube starts to develop.
5) The turbulence level, represented by local velocity 
fluctuations, is more accentuated at a given position very 
close to the packing and vice-versa.
6 ) From the previous conclusions and the experimental 
results shown in Figures 6.9 to 6.12, it can be seen that even 
at 2.5cm sensor height, there was still a great influence of 
the upper layers of balls on the velocity profile. Thus, these 
profiles represent the interaction of the last layer of balls 
with the air (fluid), and so, the wall effect, manifested by
an increase velocity close to the wall as is reported in the 
literature (62-66), could not be detected by this set of tests.
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6.3.2. Predicted Velocity Profile. It was pointed 
out in section 4.1.4 that the pressure drop could be pre­
dicted by applying the Ergun equation to each radial position 
in the bed. The technique essentially determines a superficial 
velocity compatible with the pressure drop and radial dependent 
resistance to flow. The velocity profile obtained for the 
simulation where the value of b in equation 4.7 was adjusted 
to fit the experimental flow rate-pressure drop measurement is 
shown in Figure 6.17. It can be seen that this profile bears 
little resemblance to those measured above the bed and further 
serves to emphasize the fact that the superficial velocity 
in a packed bed system is solely hypothetical. Nevertheless, 
it serves the purpose of allowing pressure drops to be deter­
mined in these systems and is also valuable for determining 
flow distribution when non-uniform bed properties are present.
With regard to the maximum velocity obtained in Figure 6.17, 
it may be argued that the averaging technique used by others 
investigators (62,62) in determining this peak and would in 
fact tend to produce a "rounding" effect. Thus, the predicted 
velocity is not altogether unreasonable. This is not to mean 
that further refinement to the equation for effective particle 













































































6,4 Discussion of the Sensitivity of Ergun Equation to 
Properties Values of the Packing.
Limiting Behavior of Viscous and Inertial Effects.
The Ergun equation is manipulated in this section in
order to obtain a better understanding of the relative
values of the viscous and inertial terms for a given packed 
bed.
Equation 4.1 can be rewritten as:
AP f 1_  =  f 2u ( _  + U) 6 . 1 1
where the ratio fq/f2 is given by:
£ l  = 150 U  (1-s) , ,,
f2 1.75 p Dp b-X
In equation 6.11, we may consider two limiting cases:
Inertial Effects Predominant: In this case, the viscous
effects (term f^U) is negligible compared with the inertial 
2term (f2U )• 0ne maY express this, mathematically, considering 
the effect of the viscous term to be less than 1% of the total 
pressure drop, by the relation:
^  < 0.01 U 6.13
2
Viscous Effects Predominant: If the inertial effects
are negligible compared with the value of the viscous term, 
say less than 1%, it may be represented by the relation:
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Inequalities 6.13 and 6.14 are represented in Figure 6.18,
delineating regions where the viscous effects or inertial
fleffects are predominant. In this figure Log plotted
against Log U. Lines representing the cases where the
inertial effects are approximately 10% of the viscous effects
and where the viscous effects are approximately 10% of the
inertial effects, are also shown in the same graph (Figure 6.18).
tlFor the experimental conditions Log jr- ranged from ap-
fi 2proximately -1.2 to -0.9, (^- between 0.06 and 0.13) and for
the range of superficial velocities covered (0.05 to 0.62 m/s)
both inertial and viscous effects have to be considered. It
is interesting to consider the conditions for an actual blast
furnace, where, based on estimates, £ i  is somewhat smaller,
fi • fi . 2Log —  = -1.4 (-j± = 0.04) and the range of velocities, Log U =
2  ̂ 2
0 to 0.3 (U = 1 to 2 m/s). It can be seen that in this case
conditions are such that only the inertial term need be con­
sidered .
The Effect of Inaccurate Estimating of Bed Porosity and 
Particle Diameter.
The coefficients of the viscous and inertial terms of the 
Ergun equation are represented by expressions 4.2 and 4.3 
respectively. By taking the natural logarithm of both sides 















Figure 6.18 Relative Values of Viscous and Inertial Terms of 
Ergun Equation as a Function of Average Superficial Velocity.
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df2 _ 2e-3 d£ dDp ^
~TT  "  ~i D ~  6 * 162 p
where the fluid properties and velocity have been considered 
constants; or one may rewrite expressions 6.15 and 6.16 in 
terms of finite differences,as follows:
Sf1 6D1 £-3 0£ o P r -i n—  —       —  Z 6 . 1 /f1 l-£ £ Dp
<5f2 ^ 2e-3 5e 6°p _ , „
TTT "  T F F  ~i d ~  6 - 182 P
where —  represents the fractional deviation in measurement
of porosity;
(SOP■ ■ similarly represents the deviation m  the particle 
P
measurement;
<5f 1 5f 2
—e—  and —p—  represent the resulting deviation in f, 
rl 2 1
and f2 respectively, as a consequence of the deviation in 
porosity and particle size. It can be seen from expressions 
6.17 and 6.18 that the deviations in f^ anf f2 depend upon 
the range of porosity values being dealt with. Thus, for 
£ = 0.5, expressions 6.17 and 6.18 become:
6 f x SD
— A  = - 5 ^ - 2  — E  6.19
fl e Dp
f 0 x 6D
— 2 = . 4  - -  -— 2- 6 . 2 0
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Therefore, if the porosity of the bed is 0.5, an error 
of 5% in the porosity measurement and 5% in the particle 
size, corresponds to 35% and 25% error in the predicted 
value for f^ and £2 respectively. It may be seen from 
expressions 6.17 and 6.18 that the error in f^ and f2  
increases if the porosity is larger. In general, it can 
be seen that the viscous term (f^) is more sensitive to 
both particle size and bed porosity. Also, as the porosity 
approaches unity, the sensitivity of both f^ and f2 to the 
bed porosity increases dramatically.
The effect of error in f^ and f2 on the pressure drop 
may be seen from the following equation:
From equation 6.21, it can readily be seen that if the ratio 
^1//̂ 2U very small, say 0.01, the bracketed part of the 
first term on the right-hand side becomes negligible compared 
with the second one, and so, the inertial term is predominant. 
Thus, the error introduced in the pressure drop II is the 
same order of magnitude as the error in f2 , since the 
bracketed part of the second is approximately equal to one. 
Conversely, the same kind of analysis may be done for the 




term is predominant and the error in II is then the same 
as that in . For the experimental conditions, presented 
in this work, the ratio f^/f2 U ranged from 0 .1 0 , which 
corresponds to 0.09 for the coefficient of 6 f^/f^ and 0.91 
for the coefficient of 6 f2 /f 2 / to 2.52, which corresponds 
to 0.92 and 0.28 for the respective coefficients associated 
with the viscous and inertial terms. Thus, the error in­
troduced in II is distributed between the viscous and inertial 
contributions according to the relative values of the 
respective coefficients.
For the blast furnace conditions represented in Figure 6.18, 
equation 6 .2 1 , becomes:
r-TT <5f, 6f0= 0.02 - 5-i + 0.98 6.22
11 fl 2
It may be seen that the error introduced in II by the viscous 
effects is only 2 % of the error in f^ while the major error 




The investigation described in this thesis has attempted 
to reexamine the behavior of flow in packed bed systems. The 
system used was purposely chosen to be as simple as possible 
so that the wall effects could be investigated. The wall 
effects in fact constitutes two separate problems, one 
associated with the description of the bed properties (porosity 
and effective particle diameter) and the other that of using 
the radial dependent properties to predict the flow distri­
bution (or superficial velocity profile) in the system. The 
Ergun equation has been used as the "fundamental" phenomeno­
logical equation relating the pressure drop to the fluid 
velocity and the fluid and packed bed properties.
While the variation of porosity next to the wall of the 
packed bed has been adequately described through experimental 
measurement techniques, (60), no such measurement for the effective 
particle diameter, which takes into account the viscous drag 
offered by the wall, has ever been attempted. It is apparent 
that further work on an experimental technique analogous
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to that used for porosity would be worthwhile. However, 
an experimental technique which would allow one to measure 
the radial variation of surface area (per unit volume of 
packing) exposed to the fluid in the region close to and 
including the wall is by no means simple.
The velocity profile above the packed bed appears to be 
largely dependent on the last layer of the packing and al­
though several investigations have reported carrying out 
similar measurements (62, 63), their interpretation as they 
relate to the flow in the packed bed is rather dubious. It 
is very unlikely that "averaging" technique produced by 
circular hot wire loops (which they used) provide information 
on the velocity emerging from the bed. As far as is known, 
an analysis of a hot wire subjected to nonuniform heat loss 
over its length has not been attempted by anyone. The use 
of flow separator employed by Collins (63) and most recently 
by Standish (66) must surely redistribute the flow emerging 
from the bed, since this flow is made up of radially non- 
uniform velocities. It is also perplexing as to how velocity 
profiles reported by Proveromo and coworkers (49,50,51) were 
obtained since little details are given on the measurement 
technique. Based on the experience in this work their actual 
measurement must have been "processed" in some way. In one 
instance they report velocity measurements made within the
T 1971
packed bed itself by insertion of the probe! Although 
this thesis does not provide answers as to how the measure­
ment of the flow distribution in these systems may be 
resolved, it does identify the difficulties associated 
therewith and the lack of clarity of measurements techniques 
reported in the literature.
Lastly, the use of the Ergun equation for predicting 
flow behavior in systems with nonuniform bed properties as 
reported in the literature appears to be very well founded 
based on pressure measurements and predictions carried out 
in this investigation.
7.1 Conclusions
From the theoretical and experimental work presented 
in this thesis, the following conclusions could be summarized
1) The velocity profile above the packing was not 
radially uniform for the packed beds tested and exhibited 
peaks at several points within the bed other than close to 
the wall.
2) The upper layers of the packing have a significant 
effect on the velocity profile, i.e. the velocity at a radial 
position directly above a particle was lower than that above 
an interstice.
3) The wall effect, manifested by an increase of 
velocity close to the wall, was not clearly detected by the 
set of experiments.
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4) The mass flow rate of air has no apparent effect 
on the shape of the dimensionless velocity distribution.
As a matter of fact, the dimensionless velocity was the same 
for each radial position of the system in the range of air 
flow rates tested.
5) The shape of the velocity distribution depends on 
the probe height at which the measurements are taken. Close 
to the packing the velocity changes across a diameter are 
sharp and sudden while at some distance from the packing, 
say 7cm, these variations are smoothed out and the profile 
becomes more uniform, approaching the empty tube velocity 
profile.
6) The pressure drop measurements were found to be in 
good agreement with the Ergun equation.
7) The predictions using the Ergun equation with radial 
dependence of the bed properties gave somewhat better agreement 
than that treating the bed as being uniform properties. Thus, 
the use of the concept of effective particle diameter to 
describe the bed flow resistance properties next to the wall 
would appear to be a valuable contribution.
8) The velocity profile predicted by the radial dependent 
Ergun equation is qualitatively correct; however, it does not 
appear that it can be tested quantitatively by direct measurements.
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7.2 Recommendations for Further Work
Finally, the following recommendations for further 
work are offered:
1) It would be desirable to carry out pressure drop 
measurements on a blast furnace model for different particle 
sizes and shapes, monosized and in mixtures,to further test 
the Ergun equation under conditions where the cross section 
of the packed bed changes. In addition, theoretical aspects 
of axial temperature variation could also be investigated.
2) The effect of the rate of burden movement on the 
pressure drop would be worthwhile studying, not that this 
movement directly contributes to the pressure drop, but in­
directly, since it affects the bed properties (porosity in 
particular) as the solids become redistributed as they flow.
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APPENDIX I
DATA FOR CALIBRATION CURVE (FIGURE 5.5)
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CftLE 0.5?1.9?10? 16.5 
ft X IS 1 0? 0. 1 ? 8. 5? 1« 9 
i i i:\ .1. 3 0 j 5 ? U n 5 ? 1 0 ? 1 b « 5 
ft x I8 1S. 5 ? 0. 1 ? 0 „ 5 ? 1. 9 
ftX 13 1. 9 ? 0. 5 ? 1 0 ? 1 6 ■ 5
I.. U I 1 ? 1 0 » 5 ? 1 
ABEL < * >" COR „ COEF. =
RI NT " VEL » M/S"? ,rSQ . ROOl 
RI NT
F — 5 „ 9 E 0
ft-(pi/4>*<1.4/i2>tb
FOR i~l TO 10
VC I 3=( I/10'.:‘*<F/fi>*0. 3048
VC I 3=< 5/4 )*VC I 1
ijc i ]==vc i:.] 1 ■o „ 5
RE MU EC I 3?GC I II? HE I]
IJ ft f ft 3 . 4 ? 3 2 ? . 4 ? 3 » 3 cl ? 3 » 3 r
.0 ft f ft 3. F 4 ? 3 , F 1 ? 3 . F 0 5 :• 4 « o ? I.:
:iqq "
Jj M F ft 9 . 9 5 ? 3 
NEXT I
FOR 1 = 1 TO 10 
El-EC I ]t2
PRINT VC IJ? U C I J ? EC I ]?E 1





FOR 1=1 TO 10 
E2 = GCI ]T2
PRINT VC I J? UC I 3? GC I 3? E2





FOR 1=1 TO 10 
E3 = HCI ]T2




FOR 1=1 TO 10
RC I 3=4.8977*UC I ]+7.2771
PLOT U C n ? R C I ]
NEXT I 
END
' 9 ? 3 . r' 9 ? 3 
3 ? 3 ■ 9 3 5 ? '4 ? 3 . 9 9 ? '4 ? ‘4. U b ? 4
b ?
b J. ? 3 » t
05 ? 4 . 0i:
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El. M/S S Q .ROOT V E L . VOLTS P „2-VOLT
35 8 4 6 3 8 S 2 0 „59 :L 999225 3. 2 1 8. 24
■' U y 9 / b 1 b 5 0 »8 3 7 213 3 3 3 3 ■ 3 8 11.4244
351389247 1 .0 2 5 3 7 2 7 3 6 3 . 5 1 2 2 5
101852329 1. 183993450 3.61 13.0321
7 5 2 3 1 '5 4 12 1. 323750510 3.72 13„8334
[ 82773494 1 458096029 3.3 14. 44
153241577 1. 5 6 6 2 8 2 7 2 6 3.. 8 8 15.0544
3 8 3 7 0 4 6 5 9 i 3 7 4 4 2 8 b S b ,t 9 5 :L 5. 6 0 2 5
L54167741 i,7 7 b 9 8 7 b 7 b 4 1 b
5 0 4 6 3 0 8 2 4 1.. 372865924 4.86 1 b . 41::! 3 b
:! b 8 4 b 3 8 8 2 8„591999225 O 10. 24
7 8 8 9 2 6 1 6 5 0.837213333 I » -.j I 11.3569
J51389247 1„025372736 « 5 12. 25
101852329 1.183998450 I » 61 13.0321
7 5 2 3 :L 5 412 1.323750510 I . 71 13.7641
. 0 2 7 7 y 4 9 4 1 450896029 . 79 14.3641
i-5324 1 577 1 „566282726 •:. ye. 14.8996
;i 8 3 704659 1.. 674426666 : 93 15.4449
. b ,:1.1617 r 4 1 l . 7 7 b 9 9 17 8 7 5 99 15.9281
5 8 4 6 3 0 8 2 4 1.y 72065924 4 . 85 16.4825
9504 6 3 8 3 2 8. 5 9 1 9 9 9 2 2 5 ,d 1 0 24
’ 0 0 92 616 5 8.837213333 !-! O (' 11 35 69
>513 39247 1.025372736 5 12 ••» ir i C. • J
I- 018 52329 1 183998458 O 61 13 0321cr._! j1 5412 1.323750510 •J 785 13 7270
027 F 8 4 'V 4 1 „450096029 79 14 3641ir •-!' j 4 1577 1.566232726 865 1 4 9 3 3 2
; 0 3 78 4 659 1 „ 67442'bbbb •*“l 935 15 4342
b 4 1 e< F F 4 1 j. ' 2 5 9 9 17 b 7 5 4 16
11; J 4 e.38 824 :i. 8 7 2 8 6 5 9 2 4 4. 06 1 6 . 4 c> b
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APPENDIX II 
PRESSURE DROP / FLOW RATE DATA
11.1 Experimental Data and Least Squares Analysis
11.2 Experimental Data and Ergun Equation
11.3 Evaluation of Nl
11.4 Experimental Data and Predicted Data from 
Ergun Equation and Nonuniform Properties of 
the Bed: Porosity and Particle Size
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APPENDIX II.1 
EXPERIMENTAL DATA AND LEAST SQUARES ANALYSIS
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Ei » Ei F* !' Ei it I™* F> I1 El ? -J F< 0 
0 j 0 „ 0 5 j 0 0  5 ? 0. 6 5
0 - 0 5 !' 4 0 J 0 J 3 6 0
1.1 b 0 i1 0 i 0 b ? U » 0 • j ? 0 a b 5 
0. b 5 ? 4 0 ? 0 :• 3 6 0 
2j£]jFC£» 1 ] j ZC 2 j 1 ]
1 38 ] ?VC 138 3 
ZERC£ j23 
ZERC2? 13
=zerl 2 ? i :i
S 2 = 0
=1 TO 127 
xc I 3? vc i  :;i




(AXIS 'Fix is 
jim si:
JIM XC 

































XC I 3 =
’id I SED- Ei 4 ? 2 H 5 E - 0 4 ? 2 ;• 0  1 5 E ”  0i 4 1 MF* Iii — Ei 4’ ? 3 ?01 6 5 ED-04 3 ;i 3 a 8 E - 04
• J f >1 1E” 014 ? 3 ? I7E— Ei 4 ? Fl ? r*'E--04? 3? 7 E~ 8 4 ?3 ? 7E--04
4? 1 a I E - 010! ? 4 ? 1 1 ED-03 ? 4 ? 1 a I E - 0 3 ? 4 ? 1 a I E - 0 3 j 4? 1 1 1 E.03 it 4 ? 1 „ I E ' -03
ir •J ? 1 a7 E - 0 3 ? 5 5 1 b 5 E -  0 Hi ?5 ? 1 « 6 8 E~ 83 ? 5 ? 1 6 5  ED-03 ir.j ? 1 „ 6 E - 0101
b ill m2 5 E-  8 3 ?b ? . 2 E -  0 0i ?b ? 2 a 2 5 E ” 03 ? 6 ?2 2  E -  0 3 ?b 2 . t 9 E -• Ei Ii ?6? 2 .I 2 E Fi 3
r’ : 9 5 E■•• Ei 3 ? X ? i:« . 9 E - 8 3 ? X ? 3 a 9E--0 O  !* 1 !' .1. „ 9 E - 3 3  ? 7 „ 32ED-0 01
C1 1 7 5 E - 0 3  ? O  !* 3 , 65E- -03 ? cl ?Fi.. 6 FI E - 0 Ii ? Ii ? Ii , b5b~Ei 0 b 3  a 6E .... Ii Ei J 8 ?  01 a 6  15 E ..0
9 ?4 a b ED- 0 0i ? 9 ? 4 a 45E--03? 9 !• 4 ■ 5 E - 0 C* ? 9 ? 4 , 4 E -  0i 0i ? 9 4 a 4 E ..03
10 j 5.3 5 E - O S ? 10 ? 5. 3 E-O 3
1 1 ? S « S E 0 3 ? 11? b a X b E  Fl 3
1 3 ? X u F'E""03 ? 1 3 ? F . FIFiEiFl3 
13 ? 8 ,i E E - O 3 ? 13 ? 8 . 4 5 E - 8 3 
14? 9■7 5 E ”03?14? 9„5E-03
1. 0 ? 0 . 3 FI E ” 0 3 ? 1 0 ? F< H F' ti ” 0 F' ? 1 0 ? F<» Fi Ei ■—
1 1 ? b . 3 E ~ 0 3 ? 1 1 ? b  „ FI Ei ” 0 FI ? 1 1 ? b FI F' i:i -
12 ? 7. 4 E - 0 3 ? 12 ? 7 . 3 5 E - 0 3 ? 12 ? 7 3 E -
1 3 ? 3. A E ” 01 ii ? 13 ? 3 „ A E 0 Fi ? 13 ? 3'4 F> Ei ™
14 ? y » A 3 ti “ ii Fi ? 1 4 ? y .  b Ei i-i Fi ? 1 4 ? y ii F.i Ei ■—
15 ? :L. 03E-03 i 15 ? 1. 095E--02 ? 15 ? 1. 07E-02 ? 15 ? 1. 03ED-02 ? 15 ? 1
1 b ? 1 i. 3 FI Ii E ” 0 3 ? 1 b ? 1 » 3 3 Fi l:i “ FI 3 ? 1 b ? 1 « 3 3 E ” FI 3 ? 1 b ? 1 3 1 5 Ei — FI 3 ? 1 b ?
1 21E-02
1 X ? 1 » 3 Fi F' E -• Ji 3 ? 1 F ? 1.. ii ii Ei - 0 3 ? 1 F ? J. » 3 F b E ” Fi 3 ? 1 X ? 1 » Fi F E Fi 3 ? 1 F ? 1
1.8 ? 1. 5 0 3 E - O 2 ? 18 ? 1. 515 E - 0 2 ? 18 >1.51 E -- 0 3 ? 18 ? 1 - 5 2 5 E - 0 3 ? 18 ?
1 u 50 FI ED- 02
1 y ? 1 • ii F1 Ei 0 3 ? 1 9 ? 1» Fi Fl Ei ” 013 ? 1 ‘4 ? 1 n b Ii Ei — Ii 3 ? 1 9 ? 1 ■ b 3 E ™ FI 3 ? 1 9 ? 1 » b
F! Ei ? 1 u Ii F b Ei - Fl 3 ? 3 Ei ? 1 >■ Ei b F> ti ” Ei Fl ? 3 Ei ? 1 * 3 b Ei ~ Ei 3 ? 3 Ei ? 1. a Ei F> E — Ei Ii ? FI Ei ? 1
1 » 8 5 E -• 0i 2 '
Ei 1 ? 3 a Ei 4 E -' Ei 3 ? 3 1 ? 3 *• Ei Fi Ei — Ei FI ? 3 1 ? 3 « Ii FI E Ii 3 i FI 1 ? 3 « Ei !.i Ei Ei Ei ? 3 1. ? 3 « Ei
3 3 ? ill a i:i ii. b E — Ei 3 ? 3 3 ? 3 .■ 3 3 E ” Fl FI ? 3 3 ? FI« ii E — Ei 3 ? FI 3 ? 3 a 1 y b Ei “■* Ei FI ? Ei 3 ? 3 ■
2 "2 ED- 03
Ei I.i ? i.i a '4 Fl E ~■ Ei 3 ? 3 F! ? Ii « '4 Fl tiE i 3 ? 3 Fl ? 3 ,■ l,::I y Ei 3 ? Ii Fl ? 3 » F.' 'i Fi Ei Ei Ii ? FI F' ? 3 ■.
i.::14 ? 3 » b 1 E ■■ Ei Fi ? 3 4 ? ii » b ti Ei FI ? 3 4 ? 3 a b Fl F< ti Ei 3 ? Fi ‘4 ? iii ■ b Ei Ei E Ei Fl ? 3 '4 ? Ii n
V E L O C I T V I N F T / S - - ---------- —  - -..-............-... -..
XCI 3*0.
03 ? 1 0 ? 5.. 
0 2
03? 12? 7„ 
03
01 ii ? 1 4 ? 9 „ 
018 E -  8 Ii
1 - 2 IE 02
„ 3 0i E  8 2




21 b E -• 0 2 ? i
3 9 5 E  02









REM u VELOCITY IN M/S ------------------------
XC I 3=XC I 3 * 0 . 3 0 4 8
REM " PRESSURE TROP IN PRSCRL/M —  
YCI3=2 + Y C I 3 / 1 . 4 5 0 4 E - 8 4  
PLOT XC I I* YE I ]
■NRIT iOOO 
S=S+YCI 3
SC 1, 1 3 = SC 1 s 1 3 + XC I 3 + 2
SC 1 1 2 3=SC 1 > 2 3+XC I 3T3
SC 2 9 1 3 = SC 1 9 2 3
SC2s23 = SC2j 23 + XC I 3 + 4
PC 1 1  3=FC 1 > 1 3 + YC I 3+XC I 3
PC 2 !• 1 3 = FC 2 ? 1 3 + YC I 3*<XC I 3 + 2 >
NEXT I 
Y4 = £;•••"127 
MRT S = I N V <S )
MAT Z = S*F




PRINT "VALUE FOR F* 9 2 = ,,ZC2? 1 3 
FOR 1=1 TO 127 
Y5 = ( YC I 3--Y4) +2 
S1=S1+Y5
Y6 = ZC :L» 1 3 + XC I 3 + ZC 2? 1 3 + XC I 3 + 2 
PLOT XC I 3? Y€
Y 7 ::= Y  b — Y 4 J1 + 2
n e x t " I
PR IN T"
PRINT
PR I NT “ CORPELAT I ON COEFFICI  ENT“ 
PRINT 
PR I NT- 
PRINT R
PLOT 0.  23:. 340:'  1 




east Squares Program (0.95 cm Balls) (Figure 6.2)
SCALE 0 G J :*G . 65 30 ? 1 1 00
:IRX 18 0 ? 0 „ 05 3 0 . 0 , 0 „ &!j
‘RX I s G . 0 j 3100 3 0 3 1 100
i s I 100?0 » 05 ?0 .0 5 ?8 » 6 5
•a x i s 0 . 6 j 11 00 3 0 3 1 100
JIM sc ci 3 \d]? fi: 2 3 1 3 3 ZC 2 ? 1 ]
JIM XC 190 ]? YC 19 G j
1 fl T 8 =ZER : 2 3 2 1
1 !;:f I F =ZER : 2 ? 1 ]
MR I Z
r F| ?eM 2 ? 1
]
F O R 11= 1
’J
TO 18 4
RERH XC I .1?YC I 3
DflTfl 2 1* 0 . 17 5 ?Z 3y . 1 r' ?Z 3 0 .17 n y 3 0.1 75 3 2 30 .17?17 30 16 Fi ? Z 3 0 a .1 !* •: j 0 . i id
D fl T fl 3 ? 0 a y y 3 0 . z y ? y 3 L'J a Z3 5 ? 3 ? 0 . 28 5 3 3 ?0 z y ?y ?0 y o 3 Fl 30 a■:d. y ? o id „ 2 7 5
n fi t a 4 3 0 r. 4 1 5 ?4 30 .4 1 ?4 3 R n41 ? 4 ? 0 . 42 3 4 3 L „41 ? 4 3 0 4 15 3 4 38 a41 3 4 id. 415
Ii fl T fl 5 ? 0 nrn -Jy y 3 0 . 5 7 ? 5 3 0 . 5 7 ?nr.J |tFi. 5 7 ?5 3 0 anr•Ja ? 5 ?0 a!“ir? 5 3 0 a5 6 3 0 !~i 0
DflTfl 6 ? 0 I. l'4 5 ?6 30 .745 ? b ? 0 r i'4 ,6 ? 0 . 75 ? b 30 •—ia r u ?6 3d 7 5 3 b 30 aw., |.«r' -j? id 0 a 74
]J fl 1' fl 7 ? 0 « 945 ?7 30 . 945 3 7 3 0 n 945 3 7 3 0 .945 ?i';i 0 , 95 3 0 a 9 5 ?7 ?0 .F' Fi r' ? F?. '•+
URTR 8 3 1 a 17 5 ?y ?1 . 13 38 ? 1 ’1 ft 3 1 . 1 Fl? y ? J.X 19 ? Id3 1 i9 ?3 3 1. 1*d !*Id ? a 1 3
URTR 9 ? 1. 42 ? 9 3 1a 4 3 9 31 . 4 39 H•i1 it4 1 3 9 31.41 9 3 1 .44 9 ? :L. 42 ? 9 3 i 4
DflTfl 1 0 31 .b y h 10 ? 1. 68 3 1 0 31 67 3 1 0 3 1»6 a ?10 ? 1 .6 7 i0 31 , 7 1 ?10 3 1 6 8 3 i. 0 3 i.
IiflTFl 1 1 31 .9? ?1.1 ? 1. 98 3 1 1 31 96 3 1 1 3 1n V b ?1 1 3 1 „97 11 31 a 99 ?11 3 1 y i:d ? l i. 31
UflTR 12?d n3 ? 1“f (iZ « Z 5 31 2 3 2 u iC.9 ?12? 2 .2 7 ? 12 ? 2 » 3 3 1 Z a\'Z. b ̂ 12 it ]da Z 7 3 1 Z 3 Z a Z
I) Fl T Ii 1 3 3cl M5 9 ?13 ? 2 a 5 9 ? l y ? n6 ?13 ? 2 .5 8 ? 13 ? Z u 5y !*1*33 Z n 59 3 1/;! ftZ a 1il 3 1 3 3 2 . Fi
UflTR 1 4 3d u9 5 ?1 4 ? z « y ?1 4 3 2 » 94 31 4 ? Z .9 4 ? 14 ? 2 u 9 |i14 3 2 H 4 y 3 14 piC a '■ F! ? il. 4 3 F! a
I) fl 1" fl 15?d n3 ? i5 33 . 3 ? 15 i* y Ho j«r3 15 ? y . z8 ? 15 ;tFi „ fi ?15 0 a Fl2 3 15 ?•d»;2. o ;1 5 ? 3 a 2 5
Jj fl T Fl 1 15 3’.J 8I'1 3 1b 33 . 7 ? 1y ? y „6 6 3 16 ? 3 . 69 ? 16 ‘.■•I „ b Id3 1b y „7 2 ?i f.'? .■*! ;! 3 i. 6 :l 3 a 6
DflTfl 1 r' ?4.1 3 1r' ?4 . 13 ?17? 4 „ i3 17 3 4 . 13 17?4 „ 0 9 ;i.1 '“;i.L r 4 a 0Id 3 17 34 uk i y 17 ? 4
URTR 1 3 34.5 Z ?l y ? 4 » 5 Z ? l y ?4 .5 ?:L 3 ? 4 .513 18 3 4 a 4 7 ?lo 3 4 5 7‘I 1!;"! ;ia.1. !"j Fl 3 .1. Id ? 4  a
UflTR 1 9 34 „'"4 L.j 19 ? 4 . V 73 1 9 35 ?19 ? 4 . y 7 3 19?4 M *";l *4 h19 Mnr:,ja 04 3 19 ?*“r i<y y i1 9 ? 4 . 96
DflTfl 20 35.!;;i y0 ?5 » 4 y ?2 0 ? 5 . 4y ?2 0 ? 5 .4 9 ? 20 ? 5 u 44 ?i d0 3 5 „ 44 !> yF1 !*F' a ,:i Fl 3 Z Fi 3 Fl a
UflTR 2 1 3urJ aFl 9 ?21 ? 5 » 9 8 3 Z 1 3C’ •J »95 3 2 1 3 5 ■ j ”?« y r ?,:11 3 5 a 9 5 1 36 ? 2 1 :*6 aId 3 :2 1 3 5 a 97
DflTfl u*! U.'l ?»!' a 4 ;iiL. 3 6 a Fl 32 2 ? 6 . 45 3Z 2 ? 6 . J —*t ,••,4  r ? .f.d 3 b a Fl:* d,:Z. 6 a 45 ?y fi!? 6 a Fl 2 2 ? Fl. 4 ,:i-
DflTfl y 'd i* 9 ? 2■d i*7 . 0 2 ? , „ Id y ?• p i| p* ufi y 3 z V.'3 7 3 Z■Z‘ !*i 13 ? z y ? i-'u 0Fi 3 I:■; 3 6  a 9 9
DflTfl 24 ?7 5 ? Z4 37 . 6 ? Z4 ? F 55 3 Z .■1 cr4 3 f . 5 ? Z 4 7 . b 324 i a 55 ? 24 ? r* i 5 5 -Z 4 ? I-' a b Z
REM "VEL D C IT V T.1.N F'TV8 .. — --------- ------- - — .--- — -----...........
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REM "VELOCITY IN M/S ------------
XC I 3=XCI ] * 0 .3G48 
YC I 3 = Y C I 3 * l E - 0 2
REM "PRESSURE HROP IN PRSCRL /M 
YCI 3 =2 *YCI 3 / 1 . 4 5 0 4 E - 04 
PLOT XCI 3» YCI ]
NR IT 1000 
S=S + YCI ]
SC 1 si 1 3 = SC 1? :L 3 + XC-I 3 + 2
SC I f  2 I-SC 1 j 2 3+xc I I t s
SC 2? 1 3=SC 1* 23
SC 2 j 2 3 = SC 2 j 2 3 + XC I 3 t4
FT 1, 1 3 = FC 1? 1 3 + YC I 3*XC I 3
PC 2? 1 3 = FC 2 ? 1 3 + YC I 3*<XC I 3 + 2 >
NEXT I 
t 4 = 3 1 4 
MRT S=INV(S>
MRT Z = S*F
PR I N"l v'RLUE FOR F :' 1 -  " ZC 1.-13
PR I NT 
PRINT 
PRINT
P RINT " VRL U E FOR F ? 2 = " Z C 2 ?13 
FOR 1=1 TO 134 
Y5 = ( YC I 3--Y4 > t2  
S 1=31+Y5
Y6=ZC1 ? 1 3*XCI3+ZC 2 ? 1 3 + XCI 3 + 2
PLOT XCI 3 jY6 
Y 7' = (Y 6 ” Y 4)+ 2
n e x t '" I
p r i n t " "
PRINT
PRINT " CORRELRTI ON COEFFICIENT 
PRINT R
PLOT 0 . 2 8 ? 10 0 8?  1









(1.91 cm Balls - Figure 6.3)
i'[ M G[ 30 ] j V 
:‘RINT "VFLQi
30 J 
I TV" ? ERGUM"h " L.SQUARE :rrof
•RINT
> C fl L E 0 „ 0 5 > 0 „ 6 5 9 0 9 3 6 0 
fl X 18 0 9 0 . 0 5 9 0 . 0 5 9 0 . 6 5 
r* fl X I X 0 . 0 b i 4 0 9 U i< 6 0 
f l IS 3 b 0 !> 0 5 H 0. 0 5 ? 0. 6 5
r’FlX IS 0 » 65 :• 40 9 0 9 360 
F'LU I 0 » XX 9 40 !> 1
L fl B E L < *  > ‘' E X P E RI M E fl T Fi L I) fl T fl fl fl D E R G U fl E Q U fl TIO fl
LABEL < * ) ” 1 .9 0 5  CM SPHERES"
B 2 = 1 . 905E 02
M1 “  2» 0 6 6 9 E 0 fl
R1 = 0 .9 7 5  
E = 0 . 4
F 1 = < 1 5 0 *  M1 *  < 1 E > 1 2 > ••' CB 2 12 *  E13 >
F 2 = < 1. 7 5 *  R1 *  ( J. ••• E > > <D 2 *  E '1" 3 >
FOR 1=2 TO 24
V [ I ]:r- ( I S ) I'- ((0. 3 0 4 Fi * 12 -'F 2 ) ••'■ 6 0)
C=F1 *VC I ]+F2*VC I 3T2
GC I 3=F3*VE I 3 + F4 * VII I ]T2
E 1 = < (GC I 1-C) •••"(; > * 100
PR I AT VC I "I j C 9 GC I 3s E l
PLOT VC I 3s C
14fl IT  1000
NEXT I
14fl IT  100O
FOR 1=2 TO 24




JC I TV ERGUM L .SQUARES
j b 1 7 4 ,:t 4 b b 4 7 3 4 8 6 7 0 3 0 5.851485368
:i 7 7 61 6 6 8 3 j‘:’p p ii '•"j J*! \ -t *"•! 10 ”, 4 i 71 319 7
1 i i ; 0 :8 310 1 7;» 9 6 6 2 5 4 8 16.07604785
i. 29361 133 2 0 „ 2 6 814 3 9 2 td id u y i™ o  (:;*J o
15 5 2 3 '3 3 6 5 2 "7 » 6 9 416 3 i 9 38.67368744
t 31 185593 3 6 „ 2 4 4 312 6 2 39.61241115
:06977320 4 5 n 9 1 8 b 92 2 2 49„64440413
?. 32S50 04 3 5 6 . 7 17 0 019 8 6 0. 7 6 9 6 6 6 4
6 8 i. 'I 3 9 5 419 72.988197940 4 5 9 4 3 q 3 3 1 „68621199 8 ii'» 2 9 9 9 9 y 7 b
-I;[ 0 4 6 6 7 -3 1 95„85701223 100.7050689
3 3 6 3 3 3 9 5 8 :!. 11» 1 b 19 4 2 b 1 16.2834882
3 6 2 2 J. 1 18 6 1 27,, 5710032 132.7950169
3 3 0 0! 3 4 1 3 145.1141940 150.4 793943
i13955641 163.7815143 169.258842
;|. 3 9 3 2 7 3 6 8 18 3 » 5 7' 2 9 6 5 9 1 8 9 . 1 2 9 4 5 8 5
1b b 7 U 0 U 9 6 2 fl 4 4 8 S  5 4 7 1 2 1 0 . 0 9 4 1 4 4 3
1 9 1 5 7 2 3 2 3 2 2 6 . 5 2 8 2 5 8 5 2 3 2 . 1 5 2 0 9 9 3
"i | 4 '4 4 b b 1. 2 4 9.1 6 9 21 2 5 5 . 3 01U •.:! 2 U b
5 4 3 31 6 7 7 9 2 7 3 „ 9 8 0 0 7 1 8 2 7 9 . 5 4 7 8 1 7  2
::i 9 1 8  9 0 0 6 2 9 9 .  3 9 2 17  3 6 3 8 4 . 3 8 5 5 8 0 1
::i 5 8 6 i. 2 3 4 3 2 5 9 2 3 4 0 5 7 3 3 1 . 3 16 6 12 3
:> 2  0i 9 3 3 4 61 3 5 3 5 8 8 7 6 7 9 3 5 3 . 8 4 0 9 1 3 7
ERROR
5. U'-iT’V V i  i* l-'J
' " ’i , * j  j  I H ”  ‘ ‘" i
032171694
T 1971 139
(0.95 cm Balls -  Figure 6.4)
J CI TV ERGUN L ,, SQUARES
3 5 1 7  4 4 4 5 5 2 2 . 1 0 3 0 3 4 7 4 2 2 „ 3 6 G 4 5 3 5 3
3 7 7 6 16 6 8 .'3 3 8 „ 0 8 9 0 0 5 4 9 3 3 . 6 5 9 9 0 3 1 2 I!
1 0 3 4 3 3 9 1 0 5 7 . 3 6 4 6 i 134 5 7 . 3 7 2 1 3 1 1 5 0 .
1.2 9 3 61 13 IB ■j? q q q k:j i'1 y u y y i *1 y 7** uz, y c* -  1 „
1 5 5 2 • J 3 3 6 • 5 j 0 4 , 7'4  7:”! \ :-i 1 8 3 . 5 3 5 1 3 2 7 . „
1 8 1 1 0 5 5 9 3 J. 3 4 . 9 2 9 2 4 4 4 1 3 0 „ 9 8 5 9 1  12 ..2 „
1 0 6 9 7 7 8 2 0 J. 6 7 3  6 3 IB 9 3 2 1 6 1 . 3 4 9 4 5 S 2 3..
3 2 8 5 3 0 '4 3 203, ,  0 3 7 1 7 7 5 1 9 4 „ 6 2 5 3 2 3 3 -  4«*, .'"i ,*•*, ""1 J™ , ‘' I , ' .  1 0 0 5 ’ ! 74 2 3 0 . 8 1 5 0 0 7 3 .(>l
:: 8 4 5 9 4  5 03 2 3 4 „ 4 0 3 6 5 2 9 2 6 9 . 9 1 7 0 1 0 3 n:‘|
1 i. 0 4 61"' r -.11 3 2 9,, 9 9 6 3 4 4 0 y 1.1 . 9  s i y s i s -  5
3 3 6 3 3 8 9 5 8 3 7 8,, 8 7 8 6 7 0 6 3 5 6 „ 8 5 9  4 7 0 3 -  5 .
3 6 2 21 1 1 3 6 4 3 1 „ 0 5 0 6 3 2 9 4 0 4 . 6 9 9 9 2 3 8 ““ 6 H
5 8 8 8 8 3 4 1 3 4 8 6 . 5 1 2 2 3 0 3 4 5 5 . 4 5 3 2 0 5 3 -  b«
1 1 3 9 5 5 6 4  1 5 4 5« 2 6 If 4 6 4 2 5 8 9,, 1 19 3 0 0 3 -  6 K
1 3 9 8 2 7 8 6 3 6 0 7  2 3 0 4 3 3 3 3 5 6 5 . 6 9 y 2 1 2 '";f -  £ u
16 5 7 0 0 0 9 6 6 7 2 ■ 6 3 4 8 3 7 9 6 2 5 . 1 3 9 9 4 5 r‘ f :i
19 15 7 2 3 2 IB 7 41 , 2 5 4 9 7 3 2 6 3 7 . 5 9 4 4 9 6 2 .. I*’ n
5 1 7 4 4 4 5 5 1 8 1 3 . 1 6 4 7 5 4 0 7 5 2 . 9 1 1 8 6 5 2 r* »
:> 4 3 3 1 1' 7 1'1 * 8 8 8,, 3 6 41 6 5 4 8 2 1 . 1 4 2 0 5 2 7 (' I
5 6 9 18 9 If u 6 9 6 6,, 8 5 3 21 2 4 8 9 2 . 2 8 5 0 5 8 7 r u
5 9 5 0 6 1 2 3 4 1 0 4 3 » 6 3 1 8  9 5 9 6 6 . 3 4 0 3 8 3 1 "■* r n
B 2 0 9 3 3 4 6 J. 1 1 3 3 . 7 0 0 2 1 3 1 0 4 3 .  3 0 9 5 2 6 r ii
4 2 6 7 6 4 0 4 4
0 1 3 1 9 5 0 8 7  
1 6 6 7 4 9 4 1 5
5 9 3 3 3 9 4 9 9 
1 6 6 3 6 5 3 0 3
' 4 0 6
3 5 0 9 5 0 5 4 4  
l"i 4  4  4  9  6  6  9  4
5 6 6 9 5 4 5 6 1
T 1971 140
APPENDIX II.3 
EVALUATION OF 6 (Nl) IN THE 
EFFECTIVE PARTICLE DIAMETER EXPRESSION
T 1971 141
::EN " EVFlLUFiTI ON OF HI -3/4- 2 F T 3 / M I N "
JIM VC 1 0 1 ]
4=101
1-1 < l"l -1 >
)2 = 1, 9 0 5 E 0 £
11”2„8 S 6 9 E  05
: 1=0.975
JEM -FLON R A T E -2 FT/MIN.
REM* GUESS"fi"VALUE EOF: l<
N1=0.’ 317337 
FOR 1=1 TO N 
X = ( I  1>*D
r e i i ’ hs i s  t h e  D " e f f e c t I V e ’ 
i) 5=n 2 * < i - e x p ( n i * x * p. n 2 > 1- 2 >
F 1 = < 15 0 * M 1 * < 1 - P > *2 > ••:• (Ii 512 * R13 >
F 2= < 1 . 7 5  *  R1 *  < 1 P >)  ■■■•■< I' 5 *  P13)
V C I 1 = < - F 1 / F 2 + (< F 1 / F 2) T2 + < 4 * l< ' F 2 > > 10 . 5 > / 2
NEXT 1
8=0
FOR 1=2 TO N~1 
Xl = <1- 1>*D
s = s k  i-xi )*vc: 1 :i
NEXT I 
31=0
FOR 1=3 TO N ••“2 STEP 2 
X 2 = ( I-1 >*D 
S 1 = S 1. + '• 1 - X 2 > * V C I 3 
NEXT I
T 1 = < 2 ••'■ < N ™ 1 > > * 81 
T2 = (1 ••' (N- 1 > > *3
REM THE CfiLCULATED FLOW RATE IS Q1
Q1=2*PI*R+2*T
PRINT Q ?Q 1
N2=031~Q>/Q
IF fl B 3 < N 2. N 1 > < 1E ~ 0 4 T l-l E H 4 3 0
N1=N1- N2
GOTO 140
P R IN T " T RIJ E F . R Fl T E " ? M C Fl L.. F . R Fl T E " ? " P . H 0 R P " " V Fl L U E F 0 R N 1. "
PRINT Q sQ 1 s K j N1
END
T 1971 142
Results for 1.91 cm Balls and 
Flow Rate = 0.68 m /min 
Pressure Drop = 358 Pa/m
8 . 01 i 3 2 6 7 0. 01 13 2 6  7  0 0
TRUE F. RATE CRI  F„ RATE P. DORP VALUE FOR HI
0 0 i 13267 0 . 011326700 35 8 . 8 063 0. 2797484
Results for 0.95 cnuBalls and 
Flow Rate = 0.056 m /min 
Pressure Drop = 22.86 Pa/m
y 4 3 'J y U E U 4 y » 4 3 3 9 5 E " 0 4
T R U E FT R AT E C A L . F . RATE P , D 0 R P V A L U E F 0R 111
9 . 43895E - 04 9. 43895E~04 22. 86 0 2 5 2 0 2 3 1
Results for 0.95 cm Balls and 
Flow Rate = 0.68 m /min 
Pressure Drop = 1043 Pa/m
U , 0 1 1 3287 0. 01 1 326332
'!' R U E F R A T E C AI  F , R A T E P . D 0 R P V A L U E F 0 R H 1
8 . 0 1 13 2 6 7 0. 0 1 3 2 6 3 3 2 1 8 4 3. 2 0 3 3 5 0 >, 2 1 7 4 3
him v c 1011
S CI i I.. E 0. 0 5 > 0 „ 6!::! :i 0 , 3 6 0
X |::l X I 0 f 0 „ 0 5 , 0 , 0 '5 « 0 . (5 5
VAX I S 0 .  05 J 40 |i 0 3 00 
X Fl XIS 3 6 0 !< 0 „ 0 5 ? 0 . Fi 5 :< 0 6  5 
VflXIS 0 » 6 5 f 4 0 j0? 360 
PLOT 0. 175? 350!. 1
L fl B E L < * 3" E X P E R IM E N T fl L D fl T fl fl H D IN T E G R fl TIO N M E T H O D "
LABEL. <*)"1.905 CM SPHERES - HI BASED BH LONER FLON RATE
N 10 i 
D 1 < N-l >
I) 2 = 1.. 905E-02 
M 1=2.0669E-05 
R 1=0.975
PRIN T "" S ~ ' VE L 1 M / S " * " C Fl L C . V E L . M /S ' V  CFlL C . F . R fl TE M 3 / S '* 
FOR J=2 TO 24
U I" J "I(J * 0 a 3 0 4 8 * 4 ) ’ '■! 6 0 F' I * 0„ 2 5 3 
KC J 3 = F 3 * IJ [ J 3 + F 4 * U [ J 3T2
for" 1 = 1' T O 'N 
(I - 1 3 -i'l-D
P 0. 4 + 8 . S * E X P <.2 » 1 * X * R D 2 )
REM D5 IS THE D EFFECTIVE 
D 5 = D 2 * (1 - E X P < -• N 1 * y  * R D 2) T 2 >
F 1 = (15 0 * M 1 * < 1 - p > 12 > / < D 5 T 2 * p T 3 )
F2 ( 1 «  7 5 * R 1 * (1 P 3 3 •■■■'B5*F''L3 3
V C I ] = •: - F 1 / F 2 + < F I ••'• F 2 312 + < 4 * K C J 3 / F 2 3 3 + 0. 5 3 / 2
NEXT I
FOR 1=2 TO N-l 
Xl = <1-13 * D 
S = S + (1”X 13 *V[ I ]
NEXT I 
SI = 0
FOR 1=3 TO M 2 STEP 2
3:! 2 = < I 13 * ]J
Sl=Si + a - X 2 3 * V C  I 3 
NEXT I
Tl = t2 / < N ~ 13 3*SI 
T2= < 1 (N - 1 3 3 *S
REM THE CRLCULFi'TEIi FLON RATE IS Q1 
Q 1 = 2 * PI * R T 2 -A- T
R E M " U 1 I S T H E H Y P 0 T E T I C i:i L. V E L. 0 CIT V F-R 0 M IN T E G R fl T J. 0 N....
U 1 Q 1 ••" < ( P I * 0 . 5 ’I 2 * 0 3  0 4 3 12 3 / 4 3
PRINT UCJ 3?U l ,Qi
PLOT IJC J :l  l<[ J 3




P RIN T " E R G U N -- P /II" j " IN T . C fl L.. ™ F‘/M ” ? " X E R R O R "
FOR 1=2 TO 24 
E = 8 4
G= ((1 5 8 *M i * ( 1 ~E 3 T2 3 ••' < D2T2*Et3 3 3 *BL I 3+ ((1 „ 75*R 1 * (1 E 3 (D
El = < < G--KE I 33--'G 3 *100 
PRINT G ? K L I 3j El 
PLOT BCI3?G
I I i“i T T 1 iTh i~i iTh
T 1971 144
1 cm Balls - Nl=0.3174 (Flow Rate=0.056 m 3/min)
' E L » M S C Fl LC. V E L .M/S CFlLC ■ F . RATE M3 8
351744455 0 .051754310 9.44075E - 0 4
777616683 0 .13 7 8 6 5 4 4 81 1 . 4 3 4 7 7 E-13 3
. 834889 1 8 0 » 10 5 8 0 6 211 1. 930136E -1313
0 ,1 3131 013 0 7 0 2„ 4281313E-1313
pi 1604913745 13 „ 9 275 9 E.. 0 3
' 8 1 1 0 5 5 9 3 3 «19 7 9 8 0 4 4 3 1 4 2 8 2 S3 E- 013
!: 0 6 9 7 7 8 2 0 0 „21.54291137 3 „ 913974E -8 3
332350043 13 n2 413 9 4 9 913 0 4. 4 317 6 E- 813;»t:;:j rj ~y v *";* "y t"’J 8 270493591 4.93420E -03
384594503 0 .2 9 8 0 5 4 7 6 3 5 . 4 3 6 9 6 E“133
: 10 4 6 6 7 31 0 ,325629650 5. 9 3 9 9 6 b•• 13 31 '"j "j *7.' *7' Cj !“j O 8 .353215473 6.44 3 1 7 E -13 3
; I*-, y y j ;| l y g 01 „3803113172 b u 9  4 b 1.3 ‘1E-1313
; 88083413 0 „4 G 8 4 1 21 4 9 7.45004E - 0 3
i1 3955641 i,:! 413 6 01313 1 S313 7 n 9 5 3 6 5 E-13 3
•39827863 13 n fi c;:j 3 „ 4 5 7 3 5 £ - 013
•65 7 00096 0 .49113513745 8 ! 9 6 114 E “133
191573323 0 .518371379 9„ 4 6499E- 013
.17444551 0 »54 6496199 9 « 9 6 d S3 9 E:.-03
• 4 J 't'~ 779 13 .Si11 4 1 8 8 5 8.010472 8 5 2
! 6 918 9 0 0 6 681752737 0 n810976 :3 5 5
i 9 5 0 61 2.3 4 0 „1- "'"i :Q4413 13. 131148138 S3 6
120933461 8 „iV Vi U 7915 0.131 1984 372
IN.P/M I NT,, C fl 1.- P •"' !vl •*« ERROR
''36 1 97854 5 „ 8151 4 8 513 6 8 C. i 54818226
17 4 5 4 6 9 6 6 10.41713197 -16 .07418188
16,, G7604785 -1 £ .98515467
13 413 5 9 5 0 4 1313. 6 7 3 Fl S3 7 413
.r' „
5 4131513 8 3 S3 4
6 9131 S315 6 3 3SV 61134:1 114 - 2 n383158954 S3
3 2 2 31 7 4 7 49. 644413413 “• 0 .6531324182
213 7 5 0 6 9 4 6 G „ i:" 6 9 6 6 6 413 13. r' b -.5 9 r' r’ 1 215
413 61.13 31515 713» 9 8 8 1 9 7 9 4 i,945192124
91 8 4 1131313 !••! }■■, . J.-1 y 4 '4 4 y l"*i y n9 4 4 r o 8 1 9 i'
|. „ £ 0 4!;;;! ,:j. 9 £ 1130. 713513689 .;*! n813 :L 4022135
., 7 3 4 6 5 91 1 1 6. 213 3 4 0 813 4. 5 4 3 6 9 ';:14 013
;i „ 0 6 8 S313 515 132.7950169 V it19 313131 4 2 4
. b 8 7 1 5 1 513 „ 4793948 !;j u7653084913
i „ 5 S3 9 6 5 7 8 169 „ 21581342 •h*!' »2 7 4 7 S3 6 6 S313
5, 7764020 1 S3 S3» 12 9 415 S315 H7313045171
1 2  4 7 41. 6 8 21 G. 13941443 r uJ. 13 9 6 4 S3 4 9 El
„ 0131373 232 „ 1 51313993 r :i5113129 772
’ „ 134133643 2 5 5 „ 3 0 3 3 2 3 6 r m8 4 6 S3 2 S3 0 1. 5
•« 36 61313 7 9 279,, 5478172 *«*» 154160815
!, 9746664 3134. 88558131 y h413 5 8 0 2 S313* j-.j |i.( *7? ’ j j;-t jb( 13 31,. 316 S 1213 y ub 9 4 y 4 y 7 7 y
•!0444373 353. 84139 137 O iS3 3 3 3 S3 6 8 6 6
T 1971 145




„ 04 6 0 5 2 8 3 7
RflTE M3
:L E-0'
J 7 ?' 31. 6 6 8 3 0.07 0949753 1.29423E- 0 2
. 0 3 4 8 8 91 0 0. 0 9 6 3 4 1.8 5 8 1 » 7574,cE — fci
. 2 9 3 3 1 1 3  8 0 „ 1 2 2 0 2 6 '4 5 4 2 2 2 5 9 4 E — 0 2
5 5 2 3 3 3 3 5 0 , 1 4 7 8 9 6 7 9 4 2 „ 3 9 7 8 5 E - 8 2
8 1 1 0 5 5 9 3 0 1  7 3 8 919 0 9 3.17204E- 0 3
03977820 0 » 1 9 9 9 7 4 b 7 2! 3» 3 4 7 8 3 E - 8 3
32850048 0 „ 2 2 8 i 212 5 7 4.12 4 7 8 E- 0 3îr "■;* *'*j '"i *"j *";> t;:r 0„ ,"“3 :15712 4.3023 IE-82
8 4 5 9 4 5 0 3 0 „ ,7 77,546933 5.0811 IE-02
10488731 0„304807097 5 5 6 0 1 3 E- 0 2
*"*■ j:" ‘ 9 ‘ O 8. 3 3 10 9 0 3 0 8 6.03957E- 0 2
6 2 2 1. 1 1 8 3 0 „ 3 5 7 3 9 2 2 4 4 8 i 3 1 y 3 3 E — 01
8 8 0 8 3 4-1 3 0.383709579 b ,1 9 9 9 4 j E — 0i
• 1 3 'r'15 5 3 4 1 0 4 1 0 3 3 9 7 3 1 7. 479724:9-03
8. 4 3 6 3 8 0 6 6 0 7.96022E-03
• 6 5 7 0 0 0 9 6 0 „ 4 6 2 7 3 0 7 3 9 8» 44089E-03
•915723 23 0.489088851 8» 9 217 0 E - 8 3
i 17444551 0.515453320 9.40 2 6 3 E -03
13 9 18 9 8 0 8 0„563199527 0.010364794
19 5 0 31 2 3 4 0.594579705 8.010846807
; 2 0 9 3 3 4 6 1 0 1 b 2 0 9 b 3 8 b 8 0,i 011327293
! M - P M  
9 3 9 61 0 8 8





) it 3 i' .1. U ‘■I i' b
• 0 3 0 9 3 0 4
. 3 b 9 3 8 8 3 
.5480072




6 0 . 7 6 96 3 3 4 8 
2 2! „ 5 8 I:;! 1 9 7 9 4
1 8 8. 7 8 5 0 6 8 9




• 4 6» 5 0 8 3 2 ̂19 9
• 1 4 « 9 4 6 9 2 7 3 9 
•12. 95390175
• 7'" 337412250 
•8., 724718 1 16
•5 2 0 5 0 7 5 3 2 9
• 4 . 5 6 5 9 10 9 4 5 





95 cm Balls - N l = 0 .2174 (Flow Rate=0.68
'EL. M/S CRLC,, VEL.IV8 CRLC. F „ RATE
151744455 0 „ 046100450 8 .40940E- 0 4
J 7' 7 6 1. 71 hi 0 3 0,07 0195765 1 . 2 8 047E-03
. 0 3 4 3 8 910 0 „ 0 9 4 8 4 5 4 3 3 1 73012E-03Ci'I 'j ; E; C; 0« i. 1 9 9 2 21 0 4 I"' „ | 7 5 6 E — l' l i "l
5 5 2 3 3 3 6 5 U i: i. ,:'l 5 1;' 3 6 9 3 3 2.65093 E -03
.31105593 8 , i 7 8 9 8 6 015 71 3 1  190 4 E-0 3
•06977820 0 „ i q 6 8 4 4 5 4 0 3 » 5 9 0 7 3 E ~ 0 iii
•32350048 0.. 2 £ £ 8 61 3 3 7 4. 06532E--03j t:r i"i ■“? •*"( \ t - j '3* cnj 0. 2 4 9 0 0 5 4 3 4.54222E- 0 3
18 459 45 03 8„275253111 5.02102E-03
j10466731 0»38158603 5.50137E-03
3 6 -3 3 8 9 5 8 0 . 327939812 5„98302E-03
i 6 2 3! Ii. 1 1 8 6 8 „ 3 5 4 4 5 3 0 6 6 6» 4 6 5 7' 4 E -- O 3
i 8 8 0 3 3 4 13 D „ 3 8 019 6 6 6 6 9 6. 9 4 9 3 9 E 0 3
I 13955641 9 „ 48 7523237 7 „ 4 3382E - 0 3
I- 3 9 8 2 7 8 6 3 U „ ‘4 3 4 1 i. 6 7 4 U 7 „ 91893E-03
! 6 5 7 0 0 8 9 6 0.460742208 8. 4 0 4 61E - 0 3
i-91 572323 0 » 4 y 7 3 y!j -5 i ..j. 8 .. 89031 E- 0 3
iLI. 74 44551 0.5140732 9.. 37745E-03
:• 4 3 31 6 7 7 9 0 „ 540772355 9 . 86448 E -03
;! 6 9 1 8 9 8 0 6 0.567498507 0.010351861
i 9 5 0 6 1 2 3 4 0.59 4225547 0.010839547
52093346 i 0 .  6 2 0 9 7 5 6 6 2 0 1 011327508
JN--P/I1 INI, CRL„~ P.-'M 2 ERROR
13 5 £ 7 9 9 6 3 2 2 . 8 6 8 4 5 3 5 8 -19.98474777
16729649 3 8,, 6 5 9 9 0 8 118 - 1 6 . 5 6 0 3 2 3 6 2
5 5 9 0 2 9 9 2 5 7 ■ 3 7 2 181 15 - 1 3 » 4 7 5 6 3 6 7 7
3 i. 6 II. 6 3 3 5 ■p ;:"i Q "? o  £ c; -10.77050275
■4 9 6 2 9 8 4 4 1. O 3 „ 5 3 5 18 2 7 -8.41800614
L, 1380904 i. 3 0 „ 9 8 5 9 1 i. i:! - 6 . 3 7 3 i. iii 7 0 i. 81
■ „ 268 1 2:32 i. 61 u 3 4 9 4 5 8 2 - 4 . 5 9 0 2 7 3 5 i. S'
9051 337 19 4 „ 6258238 - 3 . 028340154
" 0  6 2 5 6 9 5 2 3 3 „ 8158078 - 1 . 652601002
„7503166 269.9170103 -0.434118057
„ 9 7 5 7 5 8 3 3 1 ' „ 9 2 1 8 31 3 0„658982383
7445033 356„8594708 1 . 6 2 2 3 6 £ 9 8 0
« 0 6 0 8 7' 8 7' 404„6999283 2 „ 4 9 6 2 4 i2 2 5
„ 9 2 8 2 6 8 0 4 '5 iiiii „ 4 5 3 £ 0 5 3 iii „ 2 8 6 3 7 6 4 8 iii
. 3 4 9 3 5 0 9 509„ 1 193003 4 0 0 3 0 3 13 2 iii
„ 3 2 6 2 7 4 4 565.6932138 4.656470120
„ 8 6 0 7 7' 6 6 0 2 8* u 1 y y y 4 5 7 5 . 2 5 4 2 b 4 5 5 7
« 9 5 4 2 7' 3 5 637.5944962 5 . 8 0 3 0 7 i.:;i 3 5!j
. 6 0 7 9 51 9 7 5 2'. 9 1 1 8 6 5 2 6 „ 2 0855961p
8227714 3 2 1 - 14 2 0 5 2 7 6.77556 4923E7 rj i’"i cr i:r •*? 
it .J 7 y «J  •J  • ”* »’ y 9 2 2  y 5 0 5 y b 7.203249509
. !:;i lt 9 3 3  9 8 8 '5 6 6» 3 4 0 8 8 3 i'1 1 b 1 0 2 0 5 3 2 f’
:3 . 84 1 659 10 4 3 - 3 0 9 5 2 6 7 9 8 4 5 4 8 0 iii iii
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5 cm Balls -  N l = 0 .2520 (Flow Rate=0.056
v1 iii L . M/S CRLC. VEL.M/S c m  l C. F . RATE 1
051744455 0 a 051745286 9 » 43910E-04
•;i 7 7 61 6 6 3  ii 0 . 073165924 i.42536E-03
103433910 0 , 1 ii 4 9 3 01 ii 8 1 „ 91403E - 0 3
129361133 0 „ i. ii it. 9 5 6 6 4 1 ,;2 c 4 0 703E-03
13 pi y y y i "i y pi 0.159181495 id n 9 0370E - 0 3
1 ii 1 1 05593 ii ,= i. 8 6 5 5 7' 5 ii it. tl 4 iii 3 0 8 E -• ii 3
2 iii 6 9 7 7' 8 2 0 0 . 2 it. 4050297 u 9 pi 4 5 9 Ei "■ pi 3
ii: iii 2 Iii pi 0 0 4 Iii 0. ii! 4 1 6 3 4 ii- 8 ii 4 40 777E- 0 3
■ i ,; ; i ■ ' 7i~ 0.269291957 4 .91 228E- 0 3
2 ii: 4 5 9 4 5 8 iii iiii. 2 9 7 0 8 8 0 2 3 5 .4 1 7 8 6 E - 0 3
11046679! 8.324772115 5 .9 2 4 y ip E —pi y
••’» »•" rt t::r r>"t. ■11 ». "1 .~i r» '9 . i r-i 0.352575387 6. 41315 0 E - 0 iii
33 L ! 1 i-'6 8 , I? 3 0 4 j. 2 7 8 8 6 „913 9 2 9 Ei ™  0 ip
ii iii 3 0 3 34 1 3 8,. 4 ID 8 2 7 7 61 ii r , 4 4753E - 0 3
it. -."i 3 pi 6 ,:11 i iii4 3 6 it. 6  ii it. ii 3 I-' 9 5 6 3 1 E -  0 iii
4 3 9 Iii ii: 7 8 6 iii 0  „ 4 6  4 ii 7  P' 0 ii 2 „ 46541 E-Pi 3
4 6 P ' 0 Pi pi 9  fcr pi. '49200 1 507 y I, 9 7' 4 Pi 3 E  - 0 3
4 9 1 Pi 7 2 3 2 3 0 „ 5 :|. 9 ii 4 31 9 8 9 . 4 8 453E- 0 3
"1 [ ,4 ~| J pi. pi 4 7' 8 9 321 it. 9 « 9 9 4 4 7 E - 8 3
” 1 'I -.-I •"! J. 6  1' r’ 9 pi. pi 7 pi 3 6 4 9 pi 4 0 ,.010504622
5 6  9 i 8 9 pi pi 6 0.683842 0 .PH 1PH4965
5 9 pi iii 6 it. 2 i? 4 iii. ii 3 1 Iii 2 i:! 2 4 ? 0 .011525476
6 2 iii 9 33 4 61 C| |C 1::; C[ 0 O ‘J? O 0 .pi 12 0 3 611315
JN-'-p/M 
, 4 6 4 0 3 0 8 5
< Pi pi 0 r’ 6 2
, 37516131 
3 Pi 1 9 pi 1 6 9 
!. , 4903440
j» 9 6 '4 9 i. P! P
3 2  8  3  7  3  3  8  
: n iii 2 3 2 5 4 9 
. 6400312
■’ 8. pi 0 6 7 pi 0
NT- CFl!... -■ P. 
38.65990812
2 3 0 8 1 5 0 0 7 3  
269,, 9 170103









1 1 » 7 5 . 3 9  1 4 6 9
i 3 „ y 4 y y 7 5 3 7 
14.40263932 
l 4 „ 9 iii 9 iii 7 2 4 9 
i .  pi „ 3'S 9 7 0 0 2 7 
i .  5 „ 79037737 
16. 1760:1.708 
16.53077





EXPERIMENTAL DATA AND PREDICTED DATA 
THROUGH ERGUN EQUATION AND NONUNIFORM 
PROPERTIES OF THE BED: POROSITY AND 
PARTICLE DIAMETER
T 1971 149
310 3 0 7 !• 0 „ 16 8 4 9 0 ? 5 ? 8. :i. 8 7 9 3 8 8 4 
3 0 54 7 6 :• 0 4 3 2 -5 6 2 9 6 5 ? 0« 3 '5 3 2 .!. 5 4 8 
3 6 3 3 31 ? 0 „ 4 912 5 8 7 5 s 0« 518 8 718 
38441 :i 0. 65701792
DIM EC 25 3:■ F:,[ 25 J? VC 25 3? UC 25 ]
SCALE 8.05 ?0.65? 0 ?360 
<AX18 0 ?0„35 s8 s05 ? 0.65 
CAN 13 0» 05? 40 ? 0 ? 360
■! fl XIS 3 6 0 :• 8 „ 0 5 !< 8. 0 5 s 0. 65
i-'flXIS 8. 65? 4 8 s 0? 368 
PLOT 0.2 2 s 350?1
L fl B E L < *) " E X P E RIM E N T fl L Fl N D P R E I) IC T E D D fl T Fl"
LABEL Or) "FOR 1.91 CM SPHERE'S AND N 1=0,, 31739"
F 1=70.82782 
F 2=816. 63785
PR INI I’RUE V EL D C . " s " EX P E R . DP"?" PRED. VE!  "? " PREDIC. DP"
F U R I “ 2 I U 2 4
I.J [ I ]'• (4 I) •■■’ (F' I * 0 1. 2 5)) * (8« 3 0 4 8 •■■’ 6 0)
READ VC I ]
D flT fl 8.8 517 5 431?0„0786 5 448? 0.18580621? 8.13 
D fl I fl 8. 215 4 2 911 ? 8. 2 4 2 9 4 9 9 3 ? 8. 2 7 8 4 9 3 3 9 ? 8. 2 9 
D fl T Fl 0. 3 8 0 8191 7 ? 0. 4 0 8 4121 5 ? 0 „ 4 3 6 0281 8 ? 0. 4 6 
D A T Ii 8 . 5 4 b 4 9 b 2 ? 0 „ 5 7 4 1 2 3 2 9 ? 0 » b 8 173 2 7 9 ? 8 « 6 2 9 
EC I 3=F1*UCI 3 + F-2*UCI]f2 
PC I 3:::F .1 •s-VC I .1 +F2 * Vi I ]1"2 
PRINT UC I ]? EC I j? VC I ]? PC I ]




FOR 1=2 TO 24 
PLOT VC I 3s EC I 3 
NflIT 1000 
NEXT I
P RIN T " X E R R 0 R D P " ? " R fl T 1 0 P R . ••" E X P . "
FOR 1=2 TO 24 
E 1 ” < (EC I 3-PC I EC I 3>*1O0 
R = PCI 37EC I 3 
PRINT ElsR 






.91 cm Balls - N1=0.3174 (Figure 6.5)
UE VELOC. EX PER., DP PRED. VEL. PREDIC. DP
0 5 1 7 4 4 4 5 5 5 , 8 5 1 4 8 5 5 13 0 . 0 5 1 7 5 4 3 1 5 . 8 5 3 0 1 6  4 6
0 7 "7 to J. to 6 -3 3 1 0 „4 1 7 1 3 2 1 9 0 . 0 7 3 6 5 4 4 3 1 0 6  2 310 7 7 6 4
10 3 4 8 8 91. 0 16 - 0 7 6 0 4 8 1 5 0 „ 1 0 5 8 0 6 2 1 1 Li ,1 6 3 6 2 410 4 2
.1. 2 9 3 6 1 1 3  3 2 2 „2 2 8 2 3 3 3 9 0 „ 1 3 3 1 0 3 8 7 23  - 3 9 5 3 8 5 3 4
1 5 5 2 3 3 3 6 5 '"! i*‘ i i'" * "I i'"t j"’J *"f 0 „1 6 0 4 9 0 7 5 32,. 4 8 1 5 8 0 4 0
1 3 1 1 0 5 5 9 3 3 9 ! 6 1 2 4 1  17 0 » 1 8 7 9 3 8 8 4 42,. 1 5 5 7 7 0 0 2
2 0 6 9 7 7 3 2 0 4 9 . 6 4 4 4 0 4 7 3 0 . 2 1 5 4 2 9 1 1 5 3 .  15 3 2 9 3 0 3
2 3 2 8 5 0 0 4 3 6 0 . 7 6 9 6 6 7 1 4 0 . 2 4 2 9 4 9 9 3 65» 4 0 9 3 9 2 2 8
2 5 8 7 2 3 7 7 5 7 2 n 9 y y 1 y y r y 0,i 2 7 0 4 9 3 5 9 7 8 1. 9 0 9 2 3 5 0 4
£ 3 4 5 9 4 5 0 3 3 6 „ 2 9 9 9 9 9 7 0 „ 2 9 8 0 5 4 7 6 9 3 . 6 5 7 9 3 1 5 5
3 1 0 4 6 6 7 3 1 1 0 0 „ 7 0 5 0 6 9 9 0 „ 3 2 5 6 2 9 6 5 1 0 9 „ 6 5 5 5 6 2 3
3 3 6 3 3 8 9 5 3 1 1 6 „ 2 0 3 4 0 9 4 id 1, 3 5 3 2 1 5 4  8 1 2 6 . 9 0 2 1 3 0 4
3 6 2 21 1 13 6 13 2 „ 7 9 5 0131 0 „ 3 3 0 8 1 0 1 7 14 5 1 y y 7 y 2 y 5
3 3 8 0 8 3 41 3 1 5 0 4 7 9 8 9 6 2 0 „ 4 0 3 4 1 2 1 5 1 6 5 .  1 4 2 5 31
4 1 3 9 5 5 6 4 1 1 6 9» 2 5 8 0 4 3 5 0 . 4 3 6 0 2 0 1 8 18 61, 13 6 3 1 8 2
4 3 9 8 2 7 3 6 8 189,, 1 2 9 4 6 0 1 |0. 4 6 3 6 3 3 31 2 y y n y 7 y 216 7
4 6 5 7 0 0 8 9 6 2 1 0 „ 0 9 4 1 4 6 0 . 4 9 1 2 5 0 7 5 2 31 n 10 71 2 2 10 6
4 9 1 5 7 2 3 2 3 2 3 2 „  1 52 1012 0 . 5 1 8 8 7 1 8 2 5 6 i b 1 2 2 y y 5
5 1 7 4 4 4 5 5 1 2 5 5 .  3 0 3 3 2 5 6 y „ 5 4 6 4 9 6 2 2 y 2 6 y 2 to 4 y 4
5 4 3 3 1 6 7 7 9 2 7 9 . 5 4 7 8 1 9 3 0 n 5 (412 y 2 y 3 0 9 .  8 4 210 7 01
5 6 91 8 9 0 0 6 3 0 4 „ 8 8 5 5 8 2 3 0 . 6 0 1 7 5 2 7 9 3 3 8» 3 3 0 6 4 6 8
5 9 5 0 6 1 2 3 4 3 31 „ 3 1 6  6 14 6 0 u to 2 9 y y  4 4 1 3 6 3 10 6 '3 3 f  8
6 2 0 9 3 3 4 6 1 3 5 8 . 8 4 0 9 1 6 2 0 . 6 5 7 0 1 7 9 2 y y y 0 5 5 2 y 7 y
ERROR DP 
026163480 
9 7 6 9 3 8 0 9 0
420609625 
0 7 3 1 1 5 3 6 6  
6 3 4 9 3 5 9 1 1  
1 1 2 3 £ 8 8 8 9 
5 2 5 9 9 2 8 9 8 
c' o r o 2 i' ̂ 0 2 4
4 9 0 4 £ 8 2 9 8 
7 4 3 9 1 6 1 4 9
i 5 31™' 2 r to 512
■ 33637609 
. 9 6 9 7 1 0  0 9 
. 0 9 2 6 4 1 2 4
RATIO PR./EXI 
1.000261634 
1 01 9769330 
« 0 3 4 8 4 6 7 6 5 
.046743519
„ 0 6 4 2 0 6 0 9 6 
.070731154 
0 ?' 6 3 4 9 3 5 9
„094904203 
„097439161
1 n 1 0 6 '::l 2 3 9 4 3 
. i. 1 0 3 3 to 3 7 6 
. „ 1 y 9 b 9 7 1 
L«110926412
T 1971 151
L. 91 cm Balls - Nl=0.2797 (Figure 6.6)
:u e  v ELOC,, EXPER.  DP PRED,, VEL « PREDIC™ DP
8 5 1 7 4 4 4 5 5  5 , 3 5 1 4 3 5 5 1 3 0 „ 0 4 6 8 5 2 8 4 4,, 9 9 ii i 1138
0 7 7 6 1 6 6 3 3  1 0 . 4 1 7 1 3 2 1 9 0 ,0 7 8 9 4 9 7 5 9 „ 1 3 G  8 G  2 4 6 7
1834 8 8 9 10 16 . 0 ?  10 8 4 8 15 8 „0 9 6 3 4 1 3 5 14,, 4 0 3 5 1 3 2 6
1 2 91061 1 3 3 2 2 H 8 2 B  2 3 3 3 9 0 „ 1 2 2 8 2 6 4 5 2 0 . 3 0 2 9 7 6 1 8
15 5 2 "j °’j iC K'-j O |”.*i *7 O f t Cj C.\ '0 „ 1 4 7 3 9 6 7 9 2 8 „ 3 3 7 9 O 2 9 7
1 81. 10 5 5 9 3  3 9 . 6 1 2 4 1 1 7 8„  1 7 3 3 9 1 9 1 3 7 „ 81 0 2 ip 3 8 9
2 0 6 9 7 7 : 'H 49  „ 6 4 4 4 0 4 7 8 0,, 1 9 9 9 7 4 6 7 4 6 ,. 8 2 1 Pi 18 2 3
210 2 3 5 8 8 4 3  6 8 7 6 9 6 6 7  14 0 „ 2 2 6 1 2 1 2 6 5 (' » r i'- i  0 ,:+ 3. b
2  5 3 7 , : i 2 i- 5 r * 9 o 8 110 c' r y 0 . 2 5 2 3 1 5 7 1 6 9 » 8 6  0 7 G  4 7 6
2 3 4 5 9 4 5 8 3  3 6 „ 2 9 9 9 9 9 7 0 . 2 7 8 5 4 6 9 6 8 3» 8 9 815 0 5 3 9
3 1 0  4 6 6 7 31 18 8 . 7 8 5 8 6 9 9 0 . 3 0 4 8 0 7 0 9 97,, 4 6 0 4 9 0  15
3 3 6 3 3 8 9 5 8  1 16,. 2 0 3 4 0 9 4 0 „3 3 1 0 9 0 3 1 1 1 2 „ 9 7 0 8 9 3 9
' b c.i *u-l 1 1 1 8 6  132,,  7 9 5 8 1 3 1 0 . 3 5 7 3 9 2 2 2 12 9 ,, 6 2 1 8 1 0  2
3 33  8 810 41 3 1 5 8 ,, 4 7 9 8 9 6 2 0 „ 3 8 3 7 0 9 5 8 14 7 . 4 1 3 3 8 7 3
4 1 39 5 5 6 4 1  169,, 2 5 8 8 4 3 5 0,. 4 1 0 0 3 9 7 3 1 6 6« 3 415 6 4 9 8
2  9 8 2 7 81? 8 1 8 9 „ 110 9 4 6 01 3 „ 4 3 6 3 8 0 6 6 1 ci 6 „ 4 ii. 3 6 6 9
4 6 5 7 0 O0 9 6  2 1 8 . 8 9 4 1 4 6 0 „ 4 6 2 7 3 0 7 4 2 0 7 ' ,. 6 3 2 4 9 1 8
4 9 1 5 7 210 2 3 210 2,, 15 2 1 0  1 2 0 . 4 3 9 0 3 8 6 5 2 2 9 . 9 8 7 1 5 8 9
5 1 74 4 4 5 5 1  i1 • „ Pit j  : 256 0 „ 1515 4 5 3 3 2 253, ,  4 3 2 6 8 0 3
54  33 1 6 7 7' 9 2 7 9 ,, 5 4 7 81 'll110 0 . 5 4 1 8 2 3 8 6 278, .  1 1 9 1 0 4 2
5 6 '71 8 9 8 0 6 10 0 4 ,, 3 8 5 5 8 2 3 0 „ 5 6 3 1 9  9 5 3 3 0 3 . 8 9 6 4 4 8 4
5 9 5 0 n J, c. O '4 O .!. i b i *71' t!1 1 '4 0 „ 5 9 4 5 7 9 7 1 330, ,  3 1 4 7 8 6 4
6 2 0 9 3 3 4 6 1  3 5 3 „ 3 4 0 9 1 6 2 0 „ 6 2 0 9 6 3 3 7 315 8 . 8 7 3 9 1
ERROR DP RRTIO PR,,/EXI
07:’ 172 1 1 T-i 0 .  91 i 282789
0 6 9 i  7 2 ip S 3 3 i, 9 3 4 3 0 8 3 7  1
9 3 4 4 1 0  5 6 8 0 , 9 5 0 6 5 5 8 9 4
7 1. 3 9 9 6 3 9 0  8 .  9 6 3 8 1 0 0 3 1
3 8 9 5 5 3 4 4 8 0 .  9 6 J. 0 4 4 6 6
3 3 7 81 9 3 4 b 0 9 7  9 6 2 18 0 7
i;:' 3 8 G  8 3 0 9 8 8 „ 9 8 3 7 9 31 G  9
4 3 3 2 9 S12  3 5 8 „ 9 8 5 6 6 7 8 8 8
1 7  1 6 9 8 9 8 6 8 ,, S' 8 8 3 8 3 8 9 0
9 3 2 5 5 6 3 3 '9 8 „ 9 9 0 6 7 4 4 3 3
7 131 3 8 8 9 3 8 „ 9 9 2 8 6 3 6 9 9
51 1 8 3 8 7 7 9  8 I, 9 9 4 3 3 9 1 9 2
0 2 4 4 3 8 5 8 1  8 . 9 9 6 7 5 5 6 9 4
1 5 1 4 8 9 8 1 4  8 . 9 8 3 4 3 5 1 1 0
I. 9 4 5 6 E -  8 3 1,  8 0 8 8 91 9 4 6
T 1971 152
. 95 cm Balls - Nl=0.252 0 (Figure 6.7)
LIE VELOC. EXPER.  DP PRED n VELi. PRED
0 5 1 7 4 4 4 5 5 2 2 „ 8 6 0 4 5 3 3 8 0 n 0 5 1 7 4 5 2 9 8 2 .1 y
0 17 7 b 1.6 6 y y 3 3 ,  6 5 9 9 0 7 8 0 ii 0 7 y 1 b 5 9 2 3 9 i, 0
1 0 3 4 3 3 9  10 5 r n r 2 1 y 8 i' '4 0 „ 1 0 4 9 3 0 1 1 5 8 . 5
1 2 9 3 6 1 l 38 7 o 8 9 7 2 7 2 J. b 0 „ 1 3 1 9 5 6 6 4 81 3
1 5 5 2 3 3 3 6 5 103,. 5 3 5 1 8 2 0,i 1 5 9 1 8 1 4 9 1 07 „
1 8 1 1 0 5 5 9 3 1 3 0 „ 9 8 5 9 1.0 5 3 ii 1 3 6 5 5 7 5 1 3 7 .
2 0 6 9 7 7 8 2 0 1 b 1 . 3  4 9 4 5 7 4 0 „ 2 1 4 0 5 0 3 1 7 0 ..
2 3 2 8 5 0 0 4 3 1 9 4 . 6 2 5 3 2 2 3 0 . 2 4 1 6 3  46 9 2 0 6  „
2 5 3 7 2 2 2 7 5 2 3 0» 8 1 5  0 0 6 7 0 . 2 6 9 2 9 1 9 6 2 4 b .
2 3 4 5 9 4 5 3 3 2 6 9  u 9 1 7 0 0 9 1 0 . 2 9 7 0 0 8 0 2 23 9  „
3 1 0 4 6 6 7 3 1 3 1 1 9 3 1 3 3 0 . 3 2 4 7 7 2 1 2 8 8 b .I
3 3 6 3 3 3 9 5 3 3 5 6  I, 8 5 9 4 6 9 4 0 . 3 5 2 5 7 5 8 9 3 3 6
3 6 2 2 1 1 1 3 6 •4 8 4 6 9 9 9 £ 7 3 0 „ 3 8 0 4 1 2 7 9 ■440
3 3 3 0 3 3 4 1 3 4 5 5 . 4 5 3 2 0 3 7 0 4 0 8 2 7 7 6  1 4 9 7  „
4 1 3 9 5 5 6 4 1 5 g 9 „ 1 1 9 2 9 8 6 0 . 4 8 ib 1 ib b 1 7 i::~ i™■J - J  i
4 3 y y 2 7 y 6 y 5 b 5 it b 9 8 2 .L 2 3 g „ 4 6 4 0 7 5 8 6 6 2 1 1,
4 6 5 7 0 0 0 9 6 6 2 5 18 9 9 4 3 9 0 „ 4 9 2 6 0 1 5 1 68 y
4 9 1 5 7 2 3 2 3 b 3 7 . 5 ':::l 4 4 9 4 2 0 5 1  9 9 4 3 2 7 5 9 .
5 1 7 4 4 4 5 5 1 7 5 2 . 9 1 1 3 6 3 1 0 . 5 4 7 8 9 8 2 1 O  '"!• ■ “>
5 4 • J 8 1 b !' t'' 9 3 2 1 . 1 4 2 0 5 0 5 0,, 5 7 5 8 6 4 9 3 9 i  l  ’
5 6  9 18 9 0 0 6 8 9 £» 2 8 5 0 5 6 3 0 . 6 8 3 8 4 2 9 9 2
5 9 5 0 6 1 2 3 4 9 b b n 3 4 0 y y 0 i’’ 0:, 6 3 1 8 2 8 2 5 1 0 76
6 2 8 9 3 3 4 6 1 1 0 4 3 . 3 0 9 5 2 4 0 „ 6 5 9 8 2 2 6 8 1 164
E R R O R  DP PRTI O P R . / E X P
0 2 4 7 0 E .03 1 „ 0 0 0 0 2 0 2 4 7
9 4 9 2 4 7 7 4 4 1 i. 0 0 9 4 9 2 4 7 7
9 6 61 19 3 2 9 1 0 1 9 6 6 1 1 9 8
9 '4 3 7 1 4 ,:14 6 1 „ 0 2 9 4 9 7 1 4 4
8 6 4 0 6 9 5 4 6 j. i, 0 3 8 6 4 0 6 9 5
b 9 9 3 2 '4 5 2 4 1 k 0 4 b 9 9 y 2  4 5
4 5 3 4 5 9 1 7 8 1 „ 0 5 4 5 3 4 5 9 2
1 4 5 6 6 5 7 4  1 j. „ 0 6 1 4 5 6 6 5 7
7 b y 4 4 1 7 y 1 1 0  b 7 b y 4 4 1 y
3 3 3 3 2 4 2 2 5 1 0 7 3 3 3 8 2 4 2
3 4 3 3 7 2 2 7 5 1 , 0 7 8 4 8 3 7 2 3
2 1 7 9 4 9 b 4 1 1 „ 0 8 3 1 7 9 4 9 6
7 4 7 7 4 5 0 1 1 ,i 0 8 7 4 7 7 4 5
1 4 2 2 3 2 6 9 3 1 „ 0 9 1 4 2 2 8 2 7
i:r i’*:. i::r ir  m •! i:rr •-« \zv 
•J W  J  -J U  J. • J  O  ■J 1 „ 0 9 5 0 5 5 0 15
8 4 0 8 1 6 2 9 6 1 „ 09 8 4 0 8 1 6 2
. 1 5 1 2 0 6 3 6 1 1 0 1 5 1 2 0 6 4
. 4 3 9 2 5 3  19 1 „ 1 6 4 3 9 2 5 3 2
7 0 7 2 1 5  7 7 1 1 8 7 0 7 2 1  53
„ 5 7 0 7 1 8 b 1 „ 1 0 9 5 7 0 7 1 4
. 1 9 0 5 5 5 2 5 1 . 1 1 1 9 0 5 5 5 3
. 4 0 91 9 0 4 3 1 i. 1 1 4 0 9 1 9 0 4




; 8 611 
3 6 5 6 
661 1 
18535 






5 4 2 3 6 0 4 
10 2 8 4 5 
0 9 2 8 2 3 2 
5 13 6 4 14 
3 6 7 5 3 3 8 
6542652 
3742244 







1 9 n80083905 
33„33024099 
5 0 „ f'9 6 i7 .1. 3 3 
7' 0 „ 7 7' 0 2 3 5 6 0 
93.79553383
1 19,, 9 0 2 1 2 9 2 
149.1100888 
131.4333364
2 1 6. S 31 8 6 3 6 
2 5 5 „ 4 8 2 9 0 3 9
2 9 7. 18 18 3 9 8
342., 0426838
3 9 0,, 0 4 8 5 9 3 1 
441„2019442
4 9 '5 „ 5 0 '4 3 6 5 
552„9532542 
613.5639551 






E R R 0 R D P R R T  I 0 i:::' R E
O 8 * J O r 42 i 3 8 6 h 1 6 1 c i in:* 849»:2 0 1 3u.i 0 8 r c*’J 0 c l q 8 \
46 1 0 r 459 0 8 8 c*•J38 9 \d i:::’•J 44 :L4• j 2 9  c i 4 0 o o mr •J 8 i r■J 6 0 140 0 90 3 6 4 0 90 j::*.j 9C. •..-j 0 Cj ■"!46 1 i 1. };;;! y i’l l 0 9 1 cr•J 38 i 38 >2.
i:r
•J P;
i r. j 6 '»*9 .....(' -J 4 0 9 4 1 4 b 0 I:;;!
/ .;“i 8 4■ !8 : 0 9■.32 C. 1 b i nr b
0 >: 6 49 ■14 !:«! 0 9:396 •2' i r, j pi \d i
3 i:::*•J i::v •J 0 1 8 3 0,-1 0 946 4 4 98 1 r*
8
i."...i9 • J 4 0 i :r 2 r* 1 40 i r.J
i
i:r
•J i 9945 1 6 0 9 \:z-.J 8 48 0 0 i:r■J c?.J
6 8 0 i
r:r. i ’ J2 0 96 3 9 r’ 0 43
i >;!- ' 1n 2 , ; 0 id 96 3i 1*’ 0 9 r 1 f
6 i'* 4 i ■ 3 4 (' pi td i r■J S 46 1
•"i i:::* . i t"! y r b r .24 0 9 !* r 4 r’ y ill 3
8 ■J9 irr•J9 049 0 9 1 40 40 !' Id
4,:"i 6 5 0 5 0 93C.“...j 0 '6 1 3 1 i™,_.i
1.
i;::; ' J3040 6 0 Ci Cj 4 l' b j. 96
33»c!90 1 O  C cr•...i 0 9C; 1 6 I 0 9Cj :!.
i :::•■J334 4 2 84 1 0 9* 46 6 c:r. j i::r■J \ 2
id
t:r
■J id 46 0  6 1 0 9 3 I 4 r i‘ i:~••J .,’j 9
0 1 ui y h, 0 o  r id 1 0 G G 1 'cl 6 9 9
0.95 cm Balls - N 1 = 0 .2174 (Figure 6.8)
UE VELOC. EXP ER. DP PRED. VEL.
051744455 C. i 86045333 pi „ 04610045
pi 7 d b 1 b b 8 ‘8 y „ b -5 9 9 pi 7 3 0.07PH 9577
103488910 5 7 . 37213074 pi. 09434543
129361138 f' \ j : 99727216 0.1199221
155233365 103 .535182 pi. 14532694
18 1 1 0 5 5 9 3 1 3 Pi.9359105 Pi. 17098606
2 Pi 6 8 7 7 8 2 pi 161 .3494574 pi „ 19684454
232850048 194 .6258228 id . 2 2 2 id b 1 3 4
2 5 8 7 2 2 2 7 5 2 3 8 . 8 I 90!!i:, 7 pi. 24900543
234594503 2 6 9 „ 9173091 0.27525311
310466731 3 1 1 „ 93183 pi. 30158603
336333953 356 . 3 5 9 4 b 9 4 pi, 32798931
3 b 2 2 1 1 1 8 b 404 „ b '::l'd 9 2 7 id pi. 8 Pj 4 4 5 Pi i'
338033413 . ) i:.r4 • J .4532037 pi u 3 Id pi 9 b b b 7
4139155641 5 8 9 „1192936 0.40752324
4 8 9 3 2 7 3 3 565 „ 6 9 8 2 1 2 Pi 0.43411674
4 9 5 7 3 pi pi 9 b (12 5 „ 1399439 pi „ 4607422 1
491572323 6 8 7 .5944942 0.48739551
517444551 752 9 11 86:3 :i. pi. 5140732
543316779 82 1» 1 4 2 0 5 0 5 0.54877235
5 6 918 9 pi pi 6 8 9 2. ,2850563 0.56749851
595061234 9 6 6 .3408307 Pi. 59422555




111.1 Experimental Data for 1.91 and 0.95 cm 
Balls (Figures 6.9 to 6.12)
111.2 Effect of the Mass Flow Rate 
(Figures 6.13 and 6.14)
111.3 Effect of the Sensor Height 
(Figure 6.15 and 6.16)






Figures 6.9 and 6.10.
Measured Velocity Profiles (1.91cm Balls)
T 1971 157
Angular Position AA' - 1.91 cm Balls (Figure 6.9)
Sensor Height = 2.5 cm - Flow Rate = 0.28m^/min
3-"2 R  R  H , POSITION LOCRL VELOC. Ii IM. VELOC IT
5 il „ O 4 16 6 6 6 6 7 0.467988181 1.803343739
, J. 2 5 0.251723276 ii. 11'3'1 i 1 3
7 8 , 2 0 8 3 3 3 3 3 3 0,190113576 0 . 7 Iii! 4 3 Iii! 'ii 5 2 Iii
0„231666667 iii. 25172 8 2 7' 6 iii. 9 7 2 9 6 7 3. ii! 5
7 0, 3 7 5 0 ii El 0 0 iii 0, 2 8 8 9 6 9 9 61 1 .1 1691 1793
0, 4 5 8 3 3 3 3 3 3 0, 2 0 3 4 815 4 5 0 „ 7736486375
'ii 0, 5 4 1 6 6 ti 6 6 7 0,141647100 0.547487067
iii 8 - 6 2 5 0 0 0 0 til ti 0.141647100 0.547487067
5 0 . 7 0 8 3 3 3 3 3 3 0. 14164710O 0 n547487067
iii 0» 7' 9 1 6 6 'ii 6 6 7 0,141647100 0.547437067
5 0 „875000000 0 , 1416471O0 0 .547487067
5 0 „958333333 0,141647100 0,547437067
5 1 0. 141647100 0. 547487Ob,-'
5 1, O 4 1 6 6 6 6 6 7 0 . 14164710O 0.547487067
5 1.125 0. 141647100 8.547487067
5 1 „208333333 0.141647100 0.547487067
5 il , ii! 9 1 iii 6 6 6 6 7 0.141647100 0.547437067
iii i: „ 375 0 . 1 3 1 4 8 9 8 (ii 2 0 . 70 14135335
1.458333333 0.203481545 0 „ 7 8 6 4 8 ti' 3 7 5
I .541666667 0„203431545 0 , / !;::! b 4 8 6 !3 i ' 5
5 i. 625 0 » ii! 7 Iii! 0 3 2 9 7 1 1 » 'ii* 7' 4 6 3 3 7’ 0 iS






Angular Position BB' - 1 . 91 cm Balls (Figure 6.9)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
HI .POSITION LOG RL VELOC,, Ii IM. VELOC IT
8. 0 4 1 6 6 6 6 7' 0 -'4 b I!!.;! i-' b 6 b iii 1 67 1 199994
0 •1 ■ ;> 0 505240947 1,1 'ii' 5 ii Iii! 3 1 210
0 ,2 0 8 3 3 3 3 3 3 0 411736723 1„591616329
K! „I! 9 1 ib b b b b r 01 „ *~i 1 i i-~ uh* i ' !<•' 0„972967155
0 .375000000 0 .2 1 2 b »■' 2 4 3 3 0i■< 822018541
0 .4 5 8 3 3 3 3 3 3 0 .:L 60836538 0i „ i0 218 5 0 i3 5 ii:
0 ,5 4 16 6 6 6 6 7 0 .141647100 0.54748 rue;
0 6 2 5 0 0 0 0 iii 0 0 .141647100 0i. 547437067
0 7 0 0i 7i 3 3 3 3 3 0 ■ 149130762 0„576605791
0 .73 1 6 6 6 iS 6 7 0 160886533 0in 621 850852
0 .Iii 7 5 Iii iii 0 8 0 0 0 .16 0 8 8 6 5 3 ii 0i „ 6 21 8 5 0i 3 5 ii:
0 ICi ̂ "j • j C* Cj - i; 0 u160836538 0i „ 6 2 1 8 5 0i :3 5 ii:■I
.1. 0 160836533 01 „ 621850352
j. Iii 4 1 6 6 b 6 6 7 0 .168886533 0 1, 621858352
.u I135 0 .160386538 0,, ib2 1 3111 r !'7 :
.1. I2 0 8 3 3 3 3 7i :ii: 0 .16 0 8 8 6 5 -3 3 0,62 IS1'ii ' i :
i 0:3 16 6 6 6 6 7 0 .149180762 01 „ 01 7 b lb 1 11 1 1'' 1 [
1 „ i’*1 5 0 a141647180 0 „ 5 4 7 4 b 7Ob.7
1 „458333333 0 .141647108 0. 54 741:7111.7•j 5 4 16 6 6 6 6 7 0 . 181439832 0.701485335
•j ... . ..b • j 0 .203431545 0i „ 736436375
i n7 Iii! 8 ii! iii 3 ii! 0! 0! 0 l«> *m»! 1 1 Im  ' 1  I.m' 0„972967155
i " 7 8 10i 6 6 6 i0 7 01 „2 y lb 9 b 9 9 61 1u116911793
i.■-I "7 eri' .j 0 „ cj |  '7  -,11~, - i ™< 0 . 9 ?  2 9 'ii 7 1 5 iii'
: ! . . 0 I, :!. 6 0i 3 8 6 5 ii ii; 0 „ 6 2 1 8 510 i3 iii ii:
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Angular Position C C 1 - 1.91 cm Balls (Figure 6.9)
Sensor Height = 2.5 cm - Flow Rate = 30.2 8 m  / m m
7 3 .Rfili. POSITION L 01ML VELOC.. Ii IN „ VELOC IT
0. 8 4 16 6 6 6 6 7 0 „505240947 1.95233126
@ ,  12 0 0 ,584775087 ii:. 2 6 0 2 4 2 ii 14
0 „ 2 0 8 3 3 3 3 3 3 0 ,534775087 2 „ 2 6 0 ii! 4 2 514
@ . 2 9 1.6 6 6 6 6 7 0 „3 iii 5 8 2 5 2 3 7 1„132059937
5 0 „ 3 7 5 0 0 0 0 0 0 0 .| 0.701435335 ... ... ... ... ... , ,...t
„ 2 0.. 5 4 1 6 6 6 6 6 7
l;:'l« 
0 .i307480 I 6
b -j U b b 4 r
0 „ 5 iii 5 ii! 6 0 4 ii! '7
. 2 0 „ G  2 5 0 O 0 0 0 0 0 . 130748016 iii 1. 5 iii !i5 iB iii ii' 4 8 'ii'
.2 0.768333333 0 -130748016 0 5 0 5 3 6 0 4 8 9
0 „ 7 9 1 6  6 6 6 6 7 0 .160886538 0 „ 621 800 :02
0 . 8 7 5 0 0 0 0 0 0 0 16 0 8 8 6 5 3 iii 0 . 6213''! 1 i,-:
0.958333333 0 .160886538 0. 6 2 1 ip 5 0 ii! 5 2
1 0 „ 16 0 8 8 6 5 3 8 0 , 62 :L 850352
I „ 041666667 0 .1 160836533 |0 „ iii ii: i. 8 5 iii ii! Iii 2
I n :i. ii. 5 0 .16 0 8 8 6 5 3 iii 0 . 621 85035ii:
1 „ 208333338 0 .160886533 0 » 621850352
I  » 29 16 6 8 8 6 7' 0 .160 3 Iii! iii 5 3 ii! 8.621350352
1 3 7 5 " 0 .160 8 86 5 38 0.621850352
,2 i.458333333 0 ■168962844 0.. 6 5 ii! 0 6 6 4 7 ii:
« 5 1 „ 5 4 1 8 8 8 8 8 7 iii 335130285 1 2  9 5 i3 i!: 8 3
.2 1„625 0 520607462 2 1. 0 il. 2 2 2 5 i. 1 '4
a !j [ „ j*'1 i-i y .7! " ! . 7.' 0 .544161133 2. 10 i3 2 6 iii 5 7 5
„ 2 i ■ 7 9 i 6 6 8 6 8 7 0 1, 317364305 i 2 2 6 6 iii 10 14 8
i::;j -j 0  7  cr Iii ,141647100 0 „ 5 4 7 4 3  7 0 hi 7
ti iiii! .1. 1 •'*!* *2* ’2' -2' Iii,130748016 0 ■ Iii 10 Iii! 3 6 iii 4 8 'IH1
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Angular Position A A 1 - 1.91 cm Balls (Figure 6.10)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m / m m
HU.PUft1 1 I UN LOC flL VELOC. I)IN. VELOC IT
6 „ 041666667 0 .160886538 0i„62 1850352
0 . 1 2 5 0 u203431545 0 . 7 iii iii 4 ft b 3 7 5
0.20S333333 0 u203431545 0 7 3 6 4 8 6 3 7 5
ii) :> 2 9 j. 6 6 6 6 6 7 0 203481545 01» 7  i0 0i 41:? 6 0! 7 5
0.375000000 0 .2 5 1 r 2 W 2 7 b 01. 972967 155
0,, 4 5 8 3 3 3 3 3 3 Iii „278832971 1 . 011' 4 b 8 l.'.'i (■' 0 b
|0 „ 5 4 16 6 6 6 6 7 0» 278032971 .L . 01 .■ 4 b •:! 8 i- 01 b
0 625000000 0 .226 8 86 098 0.876948450
0» 708333333 0 .226886098 0.376948450
Pi „ 7 9 1 6 ft 6 6 6 7 0 „226 8 8 6 0 9 8 0» 876940450
0„875000000 01 .1 y i 4 y 9 y y 2 0. 701 '1:u.i ;i'j
0,958333333 0 .1688865 0! 8 0. 621 iij i'l fti 0 .168 88 6 5 38 0. 621 iJ'jiJ
1.041666667 0 .168836538 0 „ 621: i'"n :bft
1 . 125 8. 160886538 0 . 62 1 ij' iCi
1 .208333333 0 .160886533 0, 621 ft50i Jb2
1. 2 9 1 iii 6 6 6 6 7 01. 226 8 86 0 98 0 „ 8 '7 iii 9 4 8 4 5 0
1 ft 7N 0 627109287 2 . 4- 2 -.3 y r’ 0 1 >■“' '.nl
1 ,458333333 0 .544161138 0!» 1 8 0! i? 6 3 5 '7 5
1 . 5 4 1 'ii 6 iii 6 i:i 7 0 .2 2 6 8 8 610 9 3 0.876948458
1 « 6 i-i! 5 01 .16 0 8 8 6 5 3 8 0i „ 6 21 iii 5 0 3 5 2
1 „ 70 f t3 3 -i:i 33 0 »1814 8 9 8 8 2 0.701485335
1 „ 7 9 16 6 6 6 6 7 0 .î. *,J 1 I £.. '.J 1* I..1 0.972967155’[ 0.* 0 »467938181 1.808343789
1.958333333 01 .by4 7 7iii0y 7 2„260242514
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Angular Position BB' - 1.91 cm Balls (Figure 6.10)
3Sensor Height = 2.5 cm - Flow Rate = 0.2 8 m /min
TS-5J RFH .POSITION LOG RL VELOC. DIM.VELOCIT
M [j 0 n0 4 1 6 6 6 6 6 7 0 ■335130285 1.29532S3
. 5 0 . 125 0 .544161138 2,103263575CT >i J 0 „ 0 ,467988131 1.803843739cr u 'J 0 .2 9 16 6 6 6 6 7 0 »4 6 7 9 8 8 18 1 1 n 8 8 8 8 4 -i!1 r 8 v
0 .3 7 5 0 iii 0 ii* 0 0 0 ;l671190393 h"! a l..) *‘1* i:ii!I’J
0 „458333333 iii.505240947 1 n 8 5 2 8 8 1 2 6
0 .541636867 Iii .2 5 1 r 2 8 2 1‘ b 0. 9 7 2 'i16 7 1 5 5
Q .6 2 5 0 0 0 010101 0 .203481545 0. 7 8 6 4 8 6 i: 7' 5
0 u7 0 8 3 3 3 3 3 3 0 -2 G 3 4 8 1545 0» 7' 8 6 4 8 6 3 7 5
0 ,7 816 6 6 6  7 0 .203431545 0» 7 8 6 4 i: 6 3 7 5
0 .875000000 0 . 16 0 8 8 6 5 3 8 0 „ 6 21 ii: 5 fi i: 5 2
0 .9 5 fl f 1f If If 1fl f! 0 .160886538 0„621350352•1.1 0 .160886538 0 ,621850352
it •"!' 1 .041666667 0 141647100 0.547487067
M -J 1 .125 0 . 141647100 0.547487067
. 5 1 .2 0 8 fl 3 3 3 3 fi Iii .181489882 0.701485335
i.2 9 16 6 6 b 6 r' 0 .•"*1 CT *1 •~*i i~tci -.i 1 r ci c< iC r b 0.972967155
1 it3 7 5 0 »2 5 1 r‘ 2 8 2 r‘ b 0.972967155
J. n458333333 Iii.16 0 8 8 6 5 i: 8 iii. 6 2 18 5 8 i: ii 2
j u5 4 16 if i0 6 fi 7 0 >123747314 0 n478301740
.i ii 6 iii 5 0 .123747314 0.478301740c* J. u7 0 0:0i ii: ii: 0:0:3 0 ,1 4 1 b 4 t‘ 10 W 0.547487067
1 .7 9 16 6 6 610 7 Iii .16 0 38 6 5 ii: 3 0,621358352
„ 5 i „8 7 5 ... 0 »278832971 1.074638706
l.95 8 3 3 0:3 3 3 0 .•~i rj cr o cr <~i*«.' *! J *».' iL. Cm 1 1.182059937
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Angular Position CC* - 1.91 cm Balls (Figure 6.10)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
.POSITION LOG RL VELOC. BIM.VELOCIT
3 ,041666667 0 .671198393 2»5942505
: i 125 0 62710 92 87 2.423870483
3 „ \C,‘. C* O C» C‘ O 0 .305825237 1 „ 1 8 2 0 5 9 9 3 ?
d .2 9 16 6 6 6 6 7' til .203431545 0 „ 7 8 6 4 8 6 3 7 5
0 ,i3 7 5 0 000W0 0 ,2 5 1 7 2 y 2 7 b 0.972967155
3. 4 5 8 3 3 3 3 3 3 10 .3 9 8 3 8 0 3 8 6 1„539799330
3 .5 4 16 6 6 6 6 7' 0 .544161133 2 1 0  3 2 6 3 '5 "7 5
0 .625000000 0 .365973491 .1 . 414541363
3 . j/j ' .j' .j1 * «j ‘ »| ’ -j 0 »203481545 0, 7 8 6 4 8 3 7 5
3 . 7 3 .1 6 5 6 6 b 7 0 .283481545 0» 7 8 6 4 8 66! 7 5
3, 8 7 5 0 0 0 0 0 0 0 n203481545 0 , 7 8 iii 48 'ii 3 7 5
0 .9 5 3 3 3 3 3 3 3 0 « 16 0 3 8 6 5 3 8 0 6 2 1  850352
1 0 .16 0 8 8 6 5 3 8 0 . 6 £ 1 iii 5 0 3 5 2
1 .041666667 0 .16 0 8 8 6 5 3 8 8 . ii 218 5 ii 3 5 2
1 . 125 0 »181489882 0.701485335
1 .2 0 S 3 3 3 3 3 3 0 .203431545 0 » 7!;;:! b 4 b 2 7 5j b2 9 1 b 6 6 6 6 7 0 .203481545 0. 7 8 6 4 8 6 ii 7 5
i n •- 7 cr 0 .203431545 0 „ 7 8 6 4 8 6 3 7 53 3 0 .2 0 2 4 8 J 5 4 5 0 . 7 8 6 4 ii 6 3 7 5
| 5 4 1 6 6 6 6 6 7 ii .203431545 0 . 7 8 6 4 8 6 3 7 5
i .6 2 5 0 .181489832 0 - 701485335
l .7 0 3 3 3 3 3 3 3 0 .3 0 5 8 2 5 2 3 7 1 , 1 82059937
l .79 1666667 0 .671190393 2» 5 9 4 2 5 0 54■i. uPi 7* S 0 .764788738 2 » 9 5 5 6 81 8 6 6
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leasured Velocity Profiles (0.95cm Balls)
(Figures 6.11 and 6.12)
I) I M EE 25 3 t VC 25 3 > PC £5 3 :■ XE £5 3 j YC £5 3 
N = £ 5
S = < P I * 6 t £ ) / 4  
F = 10
REM " VELOCITY IN M-'S"
H "= F 8 ) y u 0 '4 o - ,1. E T E 8 U
Fi U H L E y f E !• 0 3 4 
PLOT 0« 7? 3. 83 :i.
L F:l B E L < * ) " V E L 0 CI T Y F' 14 0 F IL E F 0 R "
L Fl B E L < *  >" C V L IN Ii  RIC Fl L P fi C K E Ii BED"
L fl B E I.. < * >'' R Fl N D 'J M P fl C KIN G   2 ~
LABEL C *  >" DI f lMETER-Afl ’ --0. 953CM. SPHERES"
PRINT " V0 L IS -2 " "  R f lD , P0S11 10 N " ? " L 0 C f lL VEL 0C
PRINT
PRINT
FORM FI T 2B
NAN IS O j O , 1? 0 3 £
YANIS 0? 0.20 3 0 3 4 
x flX I Fi 4 3 u »13 y 3 e 
Y fl X I 8 E 3 y u E b 3 y 3 4
F 0 R ] I = £ TO 12
XE I 3= ( 2 / 6  > *  ( ( I ••■‘8 )  + E I - 1 > / 4 )
NEXT I 
XC 13 3=1
FOR 1=14 TO 25
X E I 3 = < £ 6 > *  << 1 S > -i- < I -  14) •••'' 4 )  + X [ 1 3  3 
NEXT I
FOR 1=1 TO N 
READ PC I 3
Ij fl T fl b 4 3 5 5 3 5 E n • j 3 J1 E 3 b E 3 5 4 3 b F « 5 3 b 7„ 5 3 b 8 3 5 t 5 8
D fl T fl 5 5 3 5 2 3 Ei 2 1 5 3 3 5 3 3 5 3 3 5 7 3 5 5 3 5 3 3 5 3 3 5 4 3 5 9
EE I 3 =<4 * PE I I--' 1 00 > + 1
YC I 3 = VC I 3/f l    ' ’ ' ....................
PLOT XE I I t  YC I .1
PRINT PE I 3 3 XE I 3? VC I It YE I 3
NEXT I
END
3 " DIM., VELOCITY"
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Angular Position AA' - 0.95 cm Balls (Figure 6.11)
Sensor Height =2.5 cm - Flow Rate = 0.28 m'Vmin
TS-M R Fi Ii „ P O S I T I O N LOOML VELOC. DIM,. VELOC I T
iS » O 4 16 iiiii 6 6 6 7 0 . 3 0 5 3 2 5 2 3 7 j i b fi c; Ci q 7
0 - 12 5 0 . 2 5 1 r ui c.' ,2 i1 b 0 " 9 7 2 9 6 7 1 5 5
„ 5 0 „ 2833333:3:3 0 . 2 2 6 8 8 6 0 9 8 0 „ 8 7 6 9 4 3 4 5 0
Ci. iiii; 9 1 iiiii S 6 6 6 7 0 . 2 0 3 4 3 1 5 4 5 0 . 7 8 6 4 8 6 3 7 5
0 . 3 7 5 0 O 0 0 0 0 0 . 2 0 3 4 8 1 5 4 5 l-iii» 7 iii;! ii? 4 8 6 3 7 5
0 . 4 5 3 3 3 3 3 3 3 0 . 3 0 5 8 2 5 2 3 7 il. „ 1 3 2 0 5 9 9 3 7
„ 5 i-ii*.. 5 4 16 6 6 6 6 7 0 a 54416113 3 2 1 8 3 2 6 3 5 7 5
„5 0 . 6 2 5 0 0 0 0 0 0 8 . 5 4 4 1 6 1 1 3 8 2 „ 10 3 2 6 3 5 7 5
0 .  7 0 3 3 3 3 3 3 3 0 . 2 5 1 7 2 8 2 7 6 0 . 9 7 2 9 6 7 1 5 5
0 .  7 9 16 6 6 6 6 7 0 „ 2 5 1 7 2 8 2 7 6 0 . 9 7 2 9 6 7 t 55
. 5  8 . 8 7 5 0 0 0 0 0 0 0 . 2 7 8 0 3 2 9 7 1 1 „ 0 7 4 6 3 8 7 0 6
0 9 5 8 3 3 3 3 3 3 0 „ 5 8 4 7 7 5 0 8 7 2 . iiii! iS 0 iiii! '4 iiii! 5 1 4
1 0 . 5 8 4 7 7 5 0 8 7 2» 2 6 O 2 4 2 5 1 4
1 . 0 4 1 6 6 6 6 6 7 0 . 3 6 5 9 7 3 4 9 1 1 . 4 1 4 5 4 1 8 6 8
1. 125 0 . 2 0 3 4 8 1 5 4 5 |T*j “7 O jiT ,•*] O jL" '7 c:j
1 . 2 0 3 3 3 3 3 3 3 0 . 2 0 3 4 8 1 5 4 5 k'} n r* lo '4 d *:;» d i'%
1 . 2 9 1 6  6 6 6 6 7 0 ■ 2 5 1 7 2 8 2 7 6 0 . 9 7 2 9 6 7 1 5 5
I u 3 . j 0 .  2 5 1 7  2 8 2 7 6 0 „ 9 7 2 9 6 7 1 5 5
J. n 4 -J W -i *••' 0 „ 2 5 1 7 2 8 2 7 6 0 „ 9 7 2 9 6 7 1 5 5
1 . 54 1 6 6 6 6 6 7 0 „ 5 0 5 2 4 0 9 4 7 1 „ 9 5 2 8 3 1 2 6
1. „ 6 2 5 0 . 3 6 5 9 7 3 4 9 1 1« 4 il. 4 'iii 4 18 6 iiiii
0 „ 2 5 17 2 iiii* 2 7 iiiii 0 . 9 7 2 9 6 7 1 5 5
1 ” 7 9 1 6 6 6 6 6 7 0 . 2 5 1 7 2 8 2 7 6 iiiii. 9 7 2 9 6 71 5 5
1 „ 3 7 5 0 . 3 8 5 3 2 5 2 3 7 1 „ i Q 2 iiii* iiiii 9 9 iiii ?
0 . 6 7 1 1 9 0 3 9 3 I;.".!. 5 9 4 2 5 0 ■:!'
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Angular Position B B * - 0.95 cm Balls (Figure 6.11)
3Sensor Height = 2.5 cm - Flow Rate = 0.2 8m /min
"r r;- «/ R H IL P O S IT IO N LOG f il,  VELOC D I M „ VELOC I T
ir 0 „ 0 4 1 b b b b b F 0 „ 1 8 1 4 8 9 8 8 2 0 ,. 7 0 1 4 8 5 3 3 5
0 » 1 2 5 0 „ 2 5 1 7 2 8 2 7 6 0 „ 9 7 2 9 6 7 1 5 5
0 „ 2 13 8 3 3 3 3 3 3 0 ,. 2 0 3 4 8 1 5 4 5 0 ,. F 8 b 4 G; b r'' 5
0 „ 2 9 16 6 6 6 6 7 0 „ 2 5 1 7 2 8 2 7 6 0 ,, 9 7 2 9 6 7 1 5 5
0 ,, 3 7 5 0 0 0 0 0 0 10 . 3 8 5 8 2 5 2 3 7 1 . 1 8 2 0 5 9 9 3 7
0 . 4 0 8 3 3 3 3 3 3 0 . 5 8 5 2 4 0 9 4 7 1 ,, 9 5 8 8 8 1 b
0 .  5 4 16 6 6 6 6 7 10 n5 8 4 7 7 5 0 8 7 tit it 2 6 0 2 4 2 5 1 4
u O 0 „ 8 2 5 0 0 0 0 0 0 0 . 2 2 6 8 8 6 8 9 8 0 „ 8 7 6 9 4 8 4 5 0
crn -I1 0 ,, 7 G 8 3 3 3 3 3 3 10 „ 8 8 6 8 8 b 0 y 8 0 ,, 3 7 6 9 4 3 4 5 8
n 7 8 1 b b 6 b b 7 0 ■ 10 „ 9 7 2 9 6 7 1 5 5
0 . 8 7 5 0 8 0 0 0 0 0 . 3 0 5 8 2 5 2 3 7 1 . 1 8 2 0 5 9 9 3 7
8 , , 9 5 8 3 3 3 3 3 3 0 „ 4 3 2 3 7 6 6 6 5 1 . 6 7 1 1 9 9 9 9 4
1 0 „ 5 8 4 7 7 5 8 8 7 2 6 0 2 4 2 5 14
1 ,. 0 4 1 b b b b b 7 0 „ 5 8 4 7 7 5 0 8 7 i;»! ti 2 6 0 2 4 2 5 1 4
1 ,, 125 0 „ 7 6 4 7 0 8 7 3 8 d  it 9 5 5 6 8 1 8 6 6
1 . 2 0 8 8 8 3 3 3 3 10 ,, 4 3 2 3 7 6 6 6 5 1. b 7 1. 1 8 '0 G1 'i::14
1. » 8 9 1 b b b b b F 0 ,, 2 5 1 7 2 8 2 7 6 0 ,, 9 7 2 9 6 7 1 5 5
rt \J 1 ,, 3 7 5 0 - 2 2 6 8 8 6 0 9 8 0 „ 3 7 6 9 4 8 4 5 0
u:r a J 1 ,, 4 5 8 3 3 3 3 3 3 10 „ 2 2 6 8 8 6 0 9 3 0 „ 3 7 6 9 4 8 4 5 0
1 „ 5 4 1 6 8 6 6 6 7 0 - 2 5 1 7 2 8 2 7 6 0 „ 9 7 2 9 6 7 1 5 5
1 „ 6 2 5 0 . 4 3 2 3 7 6 6 6 5 1 . b F 1 1 . ,.:1 ':::1 G14
1 „ 7 0 3 3 3 3 3 3 3 10 „ 3 0 5 3 2 5 2 3 7 1 . 1 G! 1: J 5 G1 G1 • G F
1 „ 7 y 1 b b b b b 7 10 „ 2 8 3 4 8 1 5 4 5 10 . 7 8 6 4 8 6 3 7 5
it *J 1. 8 7 5 10 „ 2 2 6 8 8 610 G13 0 - 8 7 6 9 4 3 4 5 0
u -I1 1 . 9 5 8 3 3 3 3 3 3 0 . 2 2 6 3 8 6 0 9 8 0 ,. 8 7 6 9 4 8 4 5 0
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Angular Position CC' - 0.95 cm Balls (Figure 6.11)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
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Angular Position A A 1 - 0.95 cm Balls (Figure 6.12)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
RR.D „ PCS I TIOM LOC RL VELOC. DIM.VELOCIT
0 a 0416 6 66 6 7 0 203431545 0.736436375
ir•J 0 „ 1 2 5 8 . 278032971 1 „ 0 7 4 6 Si 8 7 0 6
0 „ 2 0 8 3 3 3 3 3 3 0 .3  Si 5 3 2 S' 2 3  7 1. „ 1 3  2 0 5 '3 9 3  i '
0 „ !•:! 9 1 6 6 6 6 6 '7 0 2 517 2 8 2 7 6 8 „ 9 7  2  9 6 7 1 Si 5
0 „ 3 514 i f 11 i II ill 0 .398330336 1 , Si 3  9 i'-19 9 8 3  0
!*"l 0» 4 5 8 3 3 •:! 3 3 3 0 n226336093 Si» 8 ?' 6 9 4 8 4 5 0
0 „ !5 4 1 6 b b b b 7 Si „ 251723276 Si, 9 7 2 3  6 7 J. Si Si
0 . 6 2  5 0 0 0 0 0 0 0 .671190393 2.5942505
■J Q . 7  0 3 3 3 3 3 3 3 0 »544161138 2 1 0 3 2 6 3 5 7 5
0 ■. 7 9 1 6 b 6 b b 7 Si 534775087 2» 2 6 0 2 4 3! 5 14
0.375000000 0 .432376665 1.671199994
0 „ 9 5 3 3 3 3 3 3 3 0 »365973491 1.414541868
1 0 „584775887 „ 2 6 0 S' '4 S' c!*'l 4
1„041666b67 0 584775887 2.266242514
h 1 „ 125 0 .398380336 1.539799330
•j 1 .203333333 0 .335130285 1 , 2953233
1 j 1.291666667 0 « 226886093 0 „ y 7 b 9 4 8 4 5 Si
1 375 0 131439882 0.701435335
1 t 4 h O •*' •»!' 0 . 160836538 Si. 6218 5 0:3 Si 2
1 „ 541666667 0 »203431545 0 » 7 8 6 4 3 6 3 7 5





!j •j er 0 3:35130285 1 2 9 5 3 2 8 3
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Angular Position B B 1 - 0.95 cm Balls (Figure 6.12)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
1 3 . Rl:lIi. POSITION LOC RL VELOC,, DIM.VELOCIT
„ ! j ij, 0 4 16 6 6 6 6 7 0 .717045213 2 7 7 1 4 3 6 2 0 9
;t „ !:*( !"1. 125 0 .467983131 1» 888343739
iJ 2 0 S 333333 0 .505248947 1 , 95233126
ii , 2 9 16 6 6 6 6 7' 0 .505248947 1 „ 9 5 2 8 31 2 6
ii , 375000000 0 251723276 0 „ 9 7 2 9 6 71.5 5
i u 1:i „ 458333333 0 H226836098 0,, 876948450't sr !. i« 'J 0 » 5 4 1 6 6 6 6 6 7 ii 2 6 y y b 0 9 y 0,, 876948450
3.625000000 0 505240947 l » F 5 2 y y 12 b
t3.708333333 0  »4 y 2 3 7 b b b 5 1.671199994
0» 7 9 16 6 6 6 6 7' 0 534775887 2 „ 2 6 0 2 4 2*61 4
i3 „ 8 7 5 0 0 0 0 0 0 0 .4 3 2 -0 F 6 6 b 5 1.671199994
i j ti y y y y y y y *.«< 0 .385825237 1. 1 82059937'* u 0 .585243947 1 . 9523:3 1 26
1,, 04 1666667 0 » 16 0 8 8 6 5 ■ 3 8 0 . 6 21.8 5 0 3 5 2
. 125 0 „ 160886533 0.621850352
H . „203333333 0 , 1 814 8 9 8 8 2 0 . 701485335
„ 2 9 1 *5 h 6 b b 7 0 .283481545 0 u F ’3 b 4 y b F 5
'7 c:j 0 . 16 0 8865 38 0,, 621 850352
4 !5 *3 c* •!”' 3 *i* -3 -3 0 .16 0 8 8 6 5 3 (3 0 „ 6 21 8 5 0 3 5 2
i „ 541666667 0 ■203431545 0-786436375
\ . 625 0 .4 , j & j r b b b ’.j 1.671 199994* . „703333333 0 .432 3 7666 5 1,, 671 199994
\ , 7 9 16 6 6 6 6 7 8 3 6 5 9 7* 3 4 91 1 .414541368
i::j O "7 c; 0 .181489332 0 - 701435335\:v:
i, .j « 9!;:: 8333333 0. 181489832 0.701485335
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Angular Position CC' - 0.95 cm Balls (Figure 6.12)
3Sensor Height = 2.5 cm - Flow Rate = 0.28 m /min
Ii I „POSITION LOCRL VELOC. I) I !vl. VELOC IT
0 0 4 16 6 6 6 6 7 0.432376665 1.671199994
0 ,:!. 2 5 0.. 181 4 8 9 8 8 2 0.731485335
0 0.160336533 L‘ 1 til! L -Tj '.!*'l!1 *:"]
0 .2 9 1 6 6 6 6 6 7 0 ,t 160836538 0. 6 21 ci 5 0 3 5 2
0 .3 7 5 6 0 0 0 0 0 0„251723276 0 . 97'2967 1 55
0 '*!* -j o o o o •»"' 0.505248947 1 u 9 5 2 3 3 12 6 •
0 ■541666667 u i, 3 2 b y y 6 o y y 0.376948450
0 .625000000 0■226386898 0„376948450
0 »? 0 8 3 3 3 3 3 3 0 :. 160836533 0.621350352
y it7 9 1 6 6 6 6 6 7 0„278032971 1„374633706
0 „8 7 5 8 0 0 0 0 0 0.505240947 1 . 9 5 2 y 3 1 2 ii




1 208333333 0. 1814 8 9 8 3 2 0 . 7 014 8 5 3 3 5
1.2916 666 67 0.160336538 0.621350352
1 8.160336533 0„621350352
1 „453333333 0.160836538 0„621850352
1.541666667 0.168836533 0 , 621 850352
1•» ^ 9 .................... 0 „ 160836538M ’»• Cj C* * O M ’"j O i2‘ 0 , 6 2 1 8 5 0 3 5 2
.!. it ',J t' i i Ct l\Ji ii 
1 7 916 6 6 6 6 7
U n C* !• O O ’i1 * -* O
0.203481545
1 S 7 5 0278832971 1"074638706
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APPENDIX III.2 
EFFECT OF THE MASS FLOW RATE ON 
THE MEASURED VELOCITY PROFILES
T 1971 171
EC 25 3? VC 25 ] :■ PC 25 ] p KC 25 ] VC 25 ]
N=25
F = 1 7 ............
REM " VELOCITY IN M/S"
R = (F ••■' 8 ) * ( ( 0» 3 0 4 8 ■& 12 'I-' 2) / 6 0)
8 U Fl L E U ? 2 ? 0 ? 4 
PLOT 0 .5»  3 . 8  j 1
LABEL ( * ) " ■  EFFECT OF THE MASS FLOW RATE 
LABEL <*>"-- RANSOM PACKING -8- 1. 905CM SPFIERI 
LABEL (*>"DIAMETER DIN - FLOW RATE = 0.48 M3- 
PR I NT " VOLTS-"/." j "RAD. POSI T I  ON" p "LOCAL VELOC. " p " D I MVELOC I TV"
PRINT 
FORMAT 2B 
KAN IS O p 0 . 1 ? O ?2 
VAN IS 0 p 0 . 2 5 jO p4 
N A NI 5  4 ? U  « 1 ? 0  ? 2  
VAN IS £ p 0 .25? 0?4
FOR I =2 TO 12
NC I ] ;::: ( 2 / S  > *  < < 1 / 8  > + ( I - 1 )  / 4  )
NENT I 
NC 13 3=1
FOR 1=14 TO 25
N C I 3 = < 2 /  6 ) *  ( ( 1  /  8 > + < I ~~ 14 > /  4 )  + N [ 13 3 
NENT I
FOR 1=1 TO N 
READ PC I 3
11 |...j y |~| j-, j~,, j™, i™, b I--,, j--, u , y y ( ! j  ,| pj p.,, rj  ,l|. „ 5 j 5 1' ? 5 y ? 5 1'' ii 5 ? 5 '-•!• ? 5 4 ? ■"? 5
HA TA 5 r' ? !Z'pi ;* 5 o » 5' ;• 82 ? 58» 5 ? 5'4 ? 55 ? 55 ? 5 r1 ? 80 ? 82 ? 85
I ■ 4 *  PC I  3•• 1 0 0  ) +1
VC 1 .1 Li: I 3T 2  7. 2771 > / 4 .  8 8 7 7 }T2
VC I 3 = VC I 3 / A
PLOT NC I 3? VC I 3




3Flow Rate = 0.28 m /min - Sensor Height = 2.5 cm 
Angular Position DD1 - 1.91 cm Balls (Figure 6.13)
L T S ”  2 R O D . P O S I T I O N LOl
I_
!
_1UJ_! n i M„ VELOC I T
1:̂  „ !“i 6 .. 0 4  1 6 6 6 6 6 7 0 .. 2 2 6 8 8 6 0 9 8 0 8 7' £  9 4 8 45 0
0 n 125 0 . 2 5 1 7 2 3 2 7 6 0 ,, 9 7 2 9 6 7 1 5 5
0 . 2 8 8 3 3 3 3 3 3 0 . 2 5 1 7 2  8 2 7 & 0 »9 7 2 9 6 71 5 5
6 0 .  2 9 1 6 6 6 6 6 7 0 . 4 3 2 3 7 6 6 6 5 1 . 6 7 1 1 8 9 9 9 4
6 0 . 3 7 5 0 0 0 0 0 0 0 . 4 3 2 3 7 6 6 6 5 •I.i. H6 7 1 1 9 9 9 9 4
2 @, 4 5 8 3 3 3 3 3 3 0 . 2 0 3 4 8 1 5 4 5 0 I* 8 6 4 8 6 3 7 5
0 „ 5 4 1 6 6 6 6 6 7 0 . 2 0 3 4 8 1 5 4 5 0 . 7 8 6 4 8 6 3 7 5
4 0 „ 6 2 5 0 0 0 0 8 0 0 . 3 0 5 8 2 5 2 3 7 1 . 18 2 0 5 2,9 3 7
v.v: 0 . 7 0 8 3 3 3 3 3 3 0 . 3 6 5 9 7 3 4 9 1 1 . 4 1 4 5 4 1 8 6 8
4 0 „ 7 9 1 6 6  6 6 6 7' 0 . •■J 0  '*.1 ' l«. Cm 'm.1 | 1 . 1 8 2 0 5 9 9 3 7
1 . 5 0 . 8 7 5 0 0 0 0 8 0 0 . 1 8 1 4 8 9 8 8 2 0 „ F  0 1 4  8 5 3 3 5
? 0 „ 9 5 8 3 3 3 8 3 3 0 2 0 3 4 8 1 5  4 5 0 . r'18 b 4 8 b 3 /  5
:i. 0 „ C7 ■) *7 •“l l"l '"'l "7 J  1 i C- v J Cm i *m.' 0 . 9 7 2 9 6 7 1 5  5
4 .  5 1 » 0 4 1 b 6 b b b r? 0 . 3 3 5 1 3 0 2 8  5 1 1:! '9 5 3 2 8 3
4 5 1 , 125 0 » 3 3 5 1 3  0 2 8 5 1 . 2 9 5 3 2 8 3
1 „ 2 0 8 3 3 3 3 3 3 0 . U_ b  j, 1 Cm. Cm t ' 0 » 9 7 2 9 6 7 1 5 5
hi n !'j 1 ' **••} |*‘‘i j**' |’**i I***! |***| ■'* 0 . 4 6 7 9 8 8 1 8 1 1 . 8 0 8 8 4 3 i' 8 9
G J. . 3 7 5 0 M4 3 2 3 7 6 6 6 5 1 - 6 7 1 1 9 9 9 9 4
i :'.i 1 „ 4 5 8 3 3 3 3 3 3 0 u !T5,8:J"CO 0 (■ 8 b b 8 b 3  (■’ • j
1 . 5 4 1 6 6 6 6 6 7 0 „ 2 8 3 4 8 1 5 4 5 0 . 7 3 6 4 3  6 3 7 5
y  „ h 1 6 2 5 0 . 2 2 6 8 8 6 0 9  8 0 . 8 7 6 9 4 8 4 5 0
cr•J 1 ,, 7 0 8 3 3 3 3 3 3 0 „ 3 6 5 9 7 3 4 9 1 1 . 4 1 4 5 4 1 8 6 8
1 7 9 1 6 6 6 6 6 7 0 . 5 0 5 2 4 0 9 4 7 1 ,i 9 5 , ’:: : l . ' i-.
9 •j r'i ”■? nr 0 . 6 7 1 1 9 0 3 9 3 ii 5 9 4 2 5 0 5
0 .i. ii y y y y y y y y 0 »7 6 4 7 8 0 7 3 8 \d » 9 5 5 b 8 1 8 b b
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3Flow Rate = 0.48 m /min - Sensor Height = 2.5 cm 
Angular Position DD1 - 1.91 cm Balls (Figure 6.13)
HU „ ROSIT  I ON LOCl iL VELOC. H I M . V E L O C I T
0 . 0 4 16 6 6 6 6 7 0 n 3 6 5 V 7 3 4 91 0 . 8 3 2 0 3 3 4 5 2
0 .. 125 0 . 3 9 8 3 8 0 3 8 6 0 . 9 0 5 7 6 4 3 1 2
0 ii 2 0 8 3 3 3 3 3 3 0 . 3 9 8 3 8 0 3 8 6 0 „ 9 3 5 7 b 4 31 2
0 . £ 9 1 6 6 6 6 6 7 0 . 6 7 1 1 9 0 3 9 3 i . 5 2 6 0 2 9 7 0 6
0 . 3 7 5 0 0 0 0 0 0 0 . 7 6 4 7 0 0 7 3 8 1 . 7* '*! ft ft "* ft ft ft ■'*'
0 . 4 5 8 3 3 3 3 3 3 0 . 4 3 2 3 7 6 6 6 5 0 . 9 8 3 0 5 8 8 2
0 . 54  1 6 6 6 6 6 7 0 „ 3 3 5 1 3 8 2 8 5 0 . 7 6 1 9 5 7 8 2 4
0 6 2 5 0 0 0 0 0 0 0 . 5 0 5 2 4 0 9 4 7 1 „ 1 4 8 7 2 4*~ 7 1.
0 . 7' i:3 >3 3 3 3 3 3 3 0 . 6 7 1 1 9 0 3 9 3 1 . 5 2 6 0 2 9 7 0 6
0 7 9 1 6 6 6 6 6 7 8 . 5 4 4 1 6 1 1 3 8 1 . 2 3 r'12 1 3 3 6 7
0 „ 3 7 5 0 0 0 0 0 0 0 . 3 0 5 3 2 5 2  3 7 0 . b 9 5 "3 2 3 3 7 5
0 . C.j K” C; * j  • j  O *’j '"j O 0« 3 0 5 8 2 5 2 3 7 0 . i-T C | ■'■] -p C| -p '7' p;
i 0 . 6 5 9 7 3 4 91 0 . 8 2 2 0 8 3 4 5 2
1 0 4 1 6 6 6 6 6 7 0 „ 5 0 5 2 4 0 9 4 7 1 . 1 -1 3 7,"''1 2 7 1
1 „ 125 0» 7 6 4 7 0 0 7 3 8 1 . 7 3 8 6 3 6 3 9 £
1 . 2 G 8 3 3 3 3 3 3 0 . 6 2 7 1 0 9 2 3 7 1 , 4 £ 5 8 0 6 1.6 6
1 . 2 9 1 6  6 6 6 6 7' 0 . 9 7 3 3 7 4 8 3 9 il i »2 1 4 2 1 8 1 2 7
1 3 7 5 0 . 7 1 7 0 4 5 2 1 3 11. 6 3 0 2 8 6 0 8 5
1 4 5 8 3 3 3 3 3 3 0 . 3 0 5 8 2 5 2 3 7 0 „ 6 9 5 3 2 9 3 7 5
1 . 5 4 16 6 6 6 6 7 0» 3 6 5 9 7 3 4 9 1 0 . 3 3 2 0 8 3 4 5 2
1 . h, V pji 0 . 3 6 5 9 7 3 4 9 1 0 .. 8 3 2 0 8 3 4 5 2
1 „ 7 0 0 3 3 3 3 3 3 0 . 5 0 5 2 4 0 9 4 7 1. 1 4 3 7 £ 4 £ 7 1
1 7 9 1 6 6 6 6 6 7 0 . 7 6 4 7 0 0 7 3 3 1 „ 7 ' -,j *..j j!.. ' .j |i.( *
1 . O "7 r:] 1 . 0 8 9 9 7 9 1 4 4 k-! M 4 7 81 9 4 81 8
i 95 8 3 3 3 3 3 3 1 . 3 4 6 3 4 2 8 51 ft it0 6 10 6 7 6 3 :i.
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3Flow Rate = 0.68 m /min - Sensor Height = 2.5 cm 
Angular Position DD1 - 1.91 cm Balls (Figure 6.13)
RfiB.POSITION LOCAL VELOC,, DIM.VE
8,,041666667 0 5 4 4161 13 8 f i „ 9 7 6 3
8. 125 0„544161138 0 „ 8 7 6 3
8 . 2 0 8 3 3 3 3 3 3 0„544161138 0„8763
8 „ 2 9 16 6 6 6 6 7 0 3814184885 1 . 31 1 2
8 3 7 5 0 0 8 0 8 0 1 ,. 889979 144 1 •'* *̂"| "[
0 „ 4 5 9 3 3  3 3 3 0 n r' 1 r' 0 432 1 8 l!1547
8. 3 4 16 6 b b 6 1-' 8.544161138 0.3763
0,625 8 8 8 88 0 8.764708738 1. 2 315
0 7 8 3 3 3 3 3 3 3 8.973874839 1.5684
y „ 7 9 1 hi is 6 6 b 7 8.918743681 1 - 4796
0„075000000 8.584775887 8.9417
0. 9 5 8 3 3 3 3 3 3 8.365973491 0 . 5 8 9 3
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111 M E C 2  5 I :• V L 2 5 ] 3 F C 2 5 ] > X C £ 5 3 V C 2 5 3 
N = 25
S ( P I  *  6 '!'■ £> •••' 4 
F = 17
REM " VELOCITY IN M/S"
H = < F S > *• < (8» 3 O 4 8 * 1 £ t £ > 6 0)
SCRLE 0 ? 2 j 0 ?4 
PLOT 0.5,3» 8»1
LRBEL (*)"- EFFECT OF THE MRSS FLOW RATE 
i LRBEL < •*■>"- RANDOM PRCKINC -5- 0.953CM SPHERES 
:i LRBEL (*> ”DIRMETER D D ■ ™ FLOW RATE = 0.48 M3/MIN"
5 PR I NT " V O L T S - / ", " R R D . POS ITI O N " , " LOCAL VELOC . " :> " I) IM „ VELOC I TV■ prihT
:i FORMAT £B 
I R XI Vi 0 j 0 . 1 :i 0 :• £
J VAX IS 0,0.25,0,4
I X R Vi I 0 4 3 0 a J. ? 0 |l V!
i Y H X13 X !• 0 u X 0 1 0 9 4
I XL I 3= '• 2 / 6 ) * ( i/y)
i FOR I=2 TO 12 
i X C I 3 - < 2 6 > * < (1 / 8 ) -i- < I -1) 4 > 
i NEXT I 
i XL 13 3=1 
i FOR 1=14 TO £5
i X L 13 = (2 / 6 > * < < 1 ■• • 8 > + < I -14 > / 4) + X E 13 3 
i NEXT I 
i FOR 1=1 TO N 
i READ PC I 3
I IJH f  H XX f HO :> O x ;■ 0 ;i 5 4  9 O x » 0 :• 0 0  ? OX a 0 ? 5 i7 ? 0 4  ■ 0 ;• OX ? 0 7 i* XX :■ XX
i Ij R F H 0 X » 0 i* X X a 0 ? X 1 « 5 ? 5 4 ? 5 4 ? 3 4 9 5 X « 5 ? 0 X ? 0 X „ 0 ? 0 x 0 n 0* ? 0 V
I EL I 3 = < 4 * PL I ] / 1 8 6  ) + 1 ................
1 VCI 3=((EC I 312-7.2771)/4,8977>1 2
i YC I 3 = VC I 3/A 
i PLOT XL I 3? YC I 3 
i PRINT PCI3,X[I3,VCI3,YCI3 
i NEXT I 
END
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3Flow Rate = 0.28 m /min - Sensor Height = 2.5cm 
Angular Position DD* - 0.95 cm Balls (Figure 6.14)
:flD.POSITION .OCflL VELOC. DIM.VELOCiTV
' 0 0 4 16 6 6 6 6 7 0. 505240947 1 .9 5 \d ci 3 1 0.6'- 0 . 125 0 „20348154 5 0 .786486375
0 . 2 6 8 3 3 3 3 3 3 0 . 1 6 0 8 8 6 5 3 8 0 -6 2.1 8 5 0 3  5 2
It -J 0 „291666667 8 , 131489882 17. 7 U 1 4 3 5 3 3 5





' ^ 1,-1  ̂J f*| l(Mj l(Ml n
i.
'jl:' j::; q C; ̂j. cr
0 .625000000 0 .305825237 1 . 332059937
! « 5 0 » 7 0 8 3 3 3 3 3 3 0 .2 (' 3 0 2 9 i'- .L 1. 074638706
0 “•I ,-•• 4 .*• ,*• "l„ r'9 1 b b b b b r‘ 0 »365973491 1. 414541363
! n !;:» 0 3 7 5 0 0 0 0 0 0 0 .2 7 3 U 3 2 9 71 1. 074633706
;, s 0 .958333333 0 .4 6 7 9 8 3 1 3 1 l . 8 0 3 8 4 3 7 8 9
1 /'j 1 0 . 627109287 W  H 423370483
1 . 0 4 1 6 6 6 6 6 7 0 . 4 3 2 3 7 6 6 6 5 1X t 671199994i . 125 0 . 671190393 t'.~. ft5942505
' . 2 0 8 3 3 3 3 3 3 0 „ 505240947 1.9 5 2 3 31 2 6
* -I*1 i „ 2 8 16 6 6 6 6 7 0 ,181489882 0 ,7 0 1 4 3 5 8 b
ir it •J 1 0 ,181489882 8 .7 0 1 4' 8 5 3 3 b
a !j i. 4 5 8 3 3 3 3 3 3 0 .181439882 0 .7 814 8 5 3 3 5
i. 5 i » 5 4 16 6 6 6 6 7 0 . 141647100 0 » 5 4 7 4 8 ?' 0 6 ?
i„ 5 l /••• •"*; cr it b • J 8 » 141647100 0 . 5 4 7 4 8 7 0 6 7
it 0 1 « 7 0 8  3 3 3 3 3 3 0 . 131489882 0 n 7 8 1 4 3 b 3 -5
1 . 7 9 16 6 6 6 6 7 0 » 432376665 1 . 671199994
1 ii t » 875 0 » 4 b (' 9 8 81 8 1 1 „ 8 0 3 8 4 8 r‘ 8 9
i . 9 5 8 3 3 3 3 3 0 » 4 3 2 3 7 6 b b b 1 6 71 1 9 9 9 9 4
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3Flow Rate = 0.48 m /min - Sensor Height = 2.5 cm 
Angular Position DDf - 0.95 cm Balls (Figure 6.14)
ROB .POSITION LOCAL VELOC. DIM.‘VELOC IT
8. 0 4 1 66bb67 0 „ 9 7 '■!8 7 483 9 2.214218127
0 „ •i C*J. • J 0.365973491 0. 8 3 2 0 8 3 4 5 £
0 „ili! y O O •.!' *3* O *.‘*i 0 i 278032971 0.632140415
0 .2 9 16 6 6 6 6 7 0 3 0 5 8 2 5 2 3 7 0. 6 9 5 3 2 9 3 7 5
0 .375000000 0„278032971 0.632148415
8 . 458333333 0 . 3 6 5 9 7 3 4 9 i 0 8  3 2 0 8 3 4 5 £
8 . 541666667 0,. 627189287 1. 4 2 5 8 0 616 6
0 .6250000 80 0 .i 505240947 1 .  148724271
8 . 7 0 8 3 3 3 3 3 3 0.335130285 0 h 761957824
0 .791666667 0.584775087 1.32955442
0 .8 7 5 8 0 8 0 0 8 0.505240947 1 . 148724271
0 »958333333 1.039979144 £.478194818
1 1 * 0 o 9 9 7 914 4 £.478194818
1 . 0 4 16 6 6 6 6 7 0.717045218 1.630286005
:i..125 1.151008242 2 6 1 6  9 515 9 6
1 . 208333333 8.918743601 2.088870823
1 „2 9 16 6 6 6 6 7 0.385825237 0. 6 9 5 3 2 9 3 7 5
1 .•)
*"? CT 0.305825237 0,6 95329 37 5
.L n 
1.. 5 4 16 6 6 6 6 7
0 It 3 !«« r"
0 . 226886893 0.515852029
1 . 625 0 » 2 1 r * 2 o 2 7 ib 0.572333621
1 7’ 0 8 3 3 3 3 3 3 0.278032971 0.632140415
1 . 7 9 166666 7 0.671190393 1.526029706
i „O  "7 ^ 0 . 814184835 •j o  cnj ■( -j -;;i i:::j t r  o
•<
1 . 958333333 0 » 671 190393 1.526829706
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3Flow Rate = 0.68 m /min - Sensor Height = 2.5 cm 
Angular Position D D ' - 0.95 cm Balls (Figure 6.14)
1 •«.' •' n PR I),, POSITION LOCRL VELOC. HI Mi. VELOC IT
in:; 0 „ 0 4 16 6 6 6 6 7 1 415632076 2.. 2 7' 9 8 4 5 0 4 7
O,. 125 0.505240947 0„813679692
i *J 0 . 2 i:;! 8 3 3 3 3 3 3 0» 3 9 8 3 8 0 38 6 0. 6 4 15 8 3 0 5 4
0» 2 9 1 S i S 6 6 6 7 0 . 4 3 2 3 7666 5 0696:33:733 1er .» -J 0 , 375Q0000O 0 i 3 9 8 3 8 0 3 8 6 0„641583054
ti -J 0 „ 4 5 8 3 3 3 3 3 3 0.544161138 0 3 7 6 3 5 9 8 2 3
„ 5 0. 54 16(56667 0 n918743681 1 4 7’ 9 6 1 6 8 3 3
0„625000000 0„717045218 1„15478592
it ‘. J 0» 7 8 8 3 3 3 3 3 3 0. 4 6 7 9 8 8181 0. 7 5 3 6 8 4 9 1 2
0.791666 6 67 0» 8 6 5 5 2 2 5 5 5 1.393905481
„ 5 8 . 375000000 0 n717045218 1.15478592
0 » 9 5 8 3 3 3 3 3 3 1 .1 r’ 9 4 1' 14 f‘ 4 1' 2. 8 9 0 3 4 9 5 4 4
1 1 4 8 7 0 5 8 1 7 ' 2 » 3 9 4 8 i 11. J 0
. 5 1 „ 0 4 16 6 6 6 6 7 1 0 3 8 9 4 4 0 4 1 1 „ 660313231
1 . 125 1 , 636437343 2.63544 7194
1„208333333 1 a 4 6 3 4 2 o 5 1 2 . 1 6 8 215 6 2 3 9
.1 » 2 9 16 6 6 6 6 7 0„585240947 0.813679692•< cr.1 « r 0 , 4 3 2 3 7' 6 6 6 5 0 6  9 6 3 3 3 3 3 1
it • J 1 458333333 0„398388386 0. 64 :i. 583054
a !j 1 n 5 4 16 6 6 6 6 7 0„335130285 0.539720125
1, 6 2 5 0 . 3 8 5 8 2 5 2 3 7 0 , 492524974
1 . 788333333 0 „ 585240947 0 n 8 1 3 6 7 9 6 9 2
n *J 1 . 791666667 1 . 830944041 1 » 6 6 0 3 13 2 31
un*it \.1 •j i-i ”7 C7 1 „ 151808242 1 „ 853674047
1n958333333 0 9 7 3 8 7 4 8 3 9 1 „568404506
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APPENDIX III.3 
EFFECT OF THE SENSOR HEIGHT ON 
THE MEASURED VELOCITY PROFILES
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Sensor Height = 1 cm - Flow Rate = 0.28 m /min 
Angular Position AA' - 1.91 cm Balls (Figure 6.15)
RitlJ„POSITION LOC HL VELOC,, DIM.VELOCIT
9 „ 5 0 .041666667 10 .1 0 7 1 63090 El ,i 4 14201248•i.i 0 1 p Fi 0 „16 0 8 6 5 3 10 0 ,i b 3 1 10 0 01 5 3
1 0 2  @ 8 3 3 3 3 3 3 0 . 1 10 0 10 10 10 5 3 10 ' 0 „ 6 21 3 5 8 3 5 2
3 » 5 0 .2 9 1 6 6 6 b 6 7 0 .3 3 b '0 '0 b U 910 0,. 376943450
9, 5 0 .375000000 0 .717845218 3 i i'11’ 14 y b 3 0 y
i;> 0 .458333333 0 .4 El 210 7666 5 1 „ 671 1 9 9'09 4
1 0 .'j 4 1 6 6 b b b 7 0 .16810S6533 0 i b 3 1 y 5 0 y 5 3
1 0 6 3 5 0 0 0 0 0 0 0 »16 0 310 6 5 310 0.621850352
1 0 .7 8 8 3 3 3 3 3 3 10 161010 3 6 5 310 0.6213500 52
9. 5 0 .7 9 16 6 6 6 6 7 0 . 107163090 0 „ 414201248
0 ,8 7 510 0 0 0 0 0 0 .091370492 8. 35509309 :i.
9 „ 5 0 .9 5 8 3 3 3 3 3 3 0 . 107163090 0 4 1 4 2 0 1 2 4 8
9. 5 i 0 . 107163090 0.414201248
;:i 1 .|0 4 16 6 6 6 6 7 0 .123747314 0„478301740
1. 12 5 0 „432376665 1 „ 67 1 J
0 . 5 1 .p  0 !"•!'"!;-j 9; 3 P, 0 .10141340105 3. 146942349
i ”2 9 1 6 6 6 6 6 ?' 0 .305825237 1 i. 131'7 •'1 17
i 1. 3 7 5 0 .16 0 8 8 6 51010 0 „ iS 218 5 0 3 5 2
1 1. 4 S r ! /•!j 0 1601086538 0 1, 6 21:0 5 0:0 5 2
1 . 5 i 54 1 666667 0 ,1 y 14 8 y y y 3 0 i r' 0 .1. 4 C' • j '."13 0y r.:; i o  !•;! 10 ,544161138 3 n 1 0 o 13 b y 5 7 5
d u ■ j i.! ”7 jT-j O *7j ’"j ‘Z* ’7] *7j ■'"] 0 .2 2 iS 810 610 S' 3 0 „ 8 7 6 9 4:0 4 5 07.> ■i.1. ,7 9 1 b 6 6 b b 7 0 203481545 0.786486375
d i rj l „o 0 „3 7 y 0 o  3 9 7 1 1 „074633706
i i !9 5 8  3 3 3 3 3 3 10 .16 0 El 8 6 5:0 3 0 6  2 1 8 5 0 3 5 2
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3Sensor Height = 3 cm - Flow Rate = 0.28 m /min 
Angular Position AA1 - 1.95 cm Balls (Figure 6.15)
_ 1 3 “■» RflB. POSITION LOCAL VELOC. DIM.VELOCIT
1. 0 0 4 1 6 6 6 6 6 7 0. 160 8 8 6 5 33 0.621850352
1 0. 1. 2 5 0.160886538 0„621850352
1 8.298333333 0 „ 160886538 0.621850352
2« 8 8.. 2.8 166 6 6 6 7 0.241617301 Id . 9 3 3 8 b F 3 3
S . 8 8» 3 7 5 0 0 0 0 0 8 0.490141219 1 „89446857
5» 8 0. 458333333 8.498141219 1 „39446857
2 . 8 0 5  4 16 6 6 6 6 7 0.241617301 0 „ 9 3 3 8 8 6 7 3 3
1 0„625000000 0. 160 88 6 5 3 8 0 . 6 21 8 5 0 3 5 2
1 0 7 0 8 3 3 3 3 3 3 0.160886533 Pl ̂ p; j;:' j o p pjf:; p
1 0 . 7 9 1 b !b 66 b 7 0.160886538 0,621850352
1 0.375000000 0» 16 0 8 8 6 5 3 8 0 .  b,: I o1 ii i 7 1 ,1
1 0„958333333 0.160886538 0 „ 621850352
1 1 0. 16 0 8 8 6 5 3 8 0 . 6 218 5 0 3 5 2
1 1.041666667 0 „ 16 0 8 8 6 5 3 8 0,621350352
1 1.125 0.160886533 0» 6 21 3 5 0 3 5 2
3 , 5 1 » 2 6 8 3 3 3 3 3 3 0.278032971 1.074633706
6 J.« 2 9 1 6 6 6 6 6 7' 0.432376665 1 .671 199994t:j o -j -j c; 0.418585777 1 . 617 8 9 616 2
4 1. 4 5 8 3 3 3 3 3 3 0„305825237 1 » 1 3 3 3 9 '9 3 r'
3 1 5 4 16 6 6 6 6 7 0.251723276 0„972967155
3 .1. 625 0.251728276 0.972967155
i . 78 8 2 2 9 3  9 0» 2 517 2 8 2 7 6 0„972967155
2 1.791666667 0 „203481545 0„786486375
0 1» 875 0 . 123747314 0.478301748
™i 1 a 9 5 8 3 3 3 8 3 3 0.091878492 0.355093891
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3Sensor Height = 5 cm - Flow Rate = 0.28 m /min 
Angular Position AA' - 1.9] cm Balls (Figure 6.15)
R R Ii „ P 0 S I T 1 0 N L 0 C f  IL V E L 0 C . D IM. V E L 0 C11V
0 u 0 4 1 6 b E 6 b 7 0 ■ 0 9 1 8 7 0 4 9 2 0 . 3 5 5 0 9 3 0 9 1
0 n 125 0 . 0 9 1 8 7 0 4 9 2 0 . 3 5 5 0 9 3 0 9 1
0 „ 2 0 8 3 3 3 3 3 3 0 . 1 2 3 7 4 7 3 1 4 0 »4 7 8 3 0 1 7 4 0
j”, 0 .. 2 9 1 6  6 6 6 6 7 0 . 1 5 3 0 2 8 4 5 6 0 »5 9 1 4 7 7 6 9 8
o 0 . 3 7 5 8 0 0 0 0 0 0 » 2 4 1 6 1 7 3 d 1 0 •«! o  b /  • o
31 _ 4 5 8 3 3  32 0 .. 3 0 5 8 2 5 2 3 7 1 . 1 8 2 0 5 9 9 3 7
0 , •3 4 1 b b b b b I'-’ 0 . 2 5 1 7 2 8 2 7 6 0 9 7 2 9 6 7 1 5 5
0 ■8 2 5 0 0 0 0 0 0 0 2 0 3 4 8 1 5 4 5 0 . r" o b 4 r" 5
0 ■J? 3 j ;“> 0 . 1 6 0 8 8 6 5 3 8 0 ■62  :L 8 5 0 3 5 2
0 : 7 9 16 6 6 8 8 7 0 16 0 8 8 6 5 3 8 0 „ 6 2 1 8  5 0 Ci 5 2
,"{ 0 ,1 3 7 5 0 0 0 0 0 0 0 . 13 4 3 2 7 7 8 0 . 5 1 9 1 9  6 3 1 8
3 0 „ 9 5 8 3 3 3 3 3 3 0 1. 1 3 4 3 2 7 7 8 0 . 5 1 9 1 0 6 3 1 0
1 Ci. 1 2 3 7 4 7 3 1 4 0 . 4 7 8 3 0 1 7 4 0
1 . 0 4 18 8 6 8 8 7" 0 - 1 2 3 7 4 7 3 1 4 0 4 7 8 3 0 1 7 4 0
'- ’3 1 II 125 0 . 1 4 1 6 4 7 1 3 0 0 . 5 4 7 4 8 7 0 6 7
1 . 2 0 8 3 3 3 3 3 3 0 . 1 b 0 y y  6 5 y y 0 - 6 21 8 5 U 3 5 2
n -!j 1 ■ 2 9 1 3 8 3 3 8 7 0 ,, 2 2 6 8 8 6 0 9 8 0 . 8 7 6 9 4 8 4 5 0
1 . 3 7 5 0 . ♦***i C7 i *'*? •*“» j,mi *w,i *"? •"*d 1 i d o d  i t 1 0„ 9 7 2 9 b 71 5 5
1 . 4 5 8 3 3 3 3 3 3 0 1 3 0 5 8 2 5 2 3 7 1 „ 1 y 2 u 5 y y 3 7
:l. „ 5 4 1 3 6 8 8 8 7 0 . d 0 1 i o d i * 0 „ 9 7 2 9 b 7 1.5 5
II 8 •I 6 2 5 0 . 1 9 4 5 1 6 7  12 0 „7 5 1 y y 5 y C' y
u -3
•i
.!. R 7 6 8 3 3 3 3 3 3 0 ii 1 4 1 6 4 7 1 0 0 0 5 4 7 4 3 7 0 6 7
c:r
u 1 „ 7 9 1 3 8 6 6 6 7 0 . 1 0 7 1 6 3 8 9 0 0 „ 41 4 2 0 1 2  4 8
1 . 8 7 5 Cl i, 0 9 1 8 7 0 4 9 2 0 „ 3 5 5 0 9 3 0 9 1
1 . 9 5 8 3 3 3 3 3 3 0 .0 9 1 8 7 0 4 9 2 0 .3 5 5 0 9 3 0 9 1
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T 1971
3Sensor Height=2.5 cm . Flow rate = o.28m /min 
Angular position AA' - 0.95 cm Balls (figure 6.16)
- T S ... R R i : . F 0 S I T I O N L O G F l l .  V E L O C . I )  I M . V E L O C I T
0 ■ 0 4  16 6 6 6 6 7 0 . 1 6  0 8 3  6 5  3  2 0 „ 6 2 .1 8 5  3 3 5  2.
0 .. i  2 5 0 . 1 8 1 4 3 9 3 8 2 0 „  7  8 1 4 3 5 3 3 5
' ii •"*' 0 . 2 0 8 0  O  O  'Z‘ 7’1 *7' 0 . 2 7 8 0 3 2 9 7 1 1 .  0 7 4  6 3  8 7  0  6
r-i
2  9  1
•7 .7 ;7 .7- 7* 0 u *7* j / i  c*  0 ; j  Cj  *7. - r i 9' 0 5 9 9 3 7M  „ b  b  b  b  b  1 \ J  b  b  ’.J *-4 Cm 1 1 u .1.
0 . • j  *7 c j 0  0  0  0  0  8 0 . 283431545 0 >t r' 66 4 8 6 3 7 5
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T 1971 186
3Sensor Height = 7.6 cm - Flow Rate = 0.28 m /min 
Angular Position A A 1 - 0.95 cm Balls (Figure 6.16)
LTS-:: Riil .POSITION LOCAL VELOC. HIM.VELOCII
C. » -I1 0 .0 4 1 6 6 G  S  6 7 0.226006090 0.076940458
i G . 1 2 5 0. :L 60886530 0„621850352
1 0 200333333 0.160886530 0.621850352
1 „ 5 0 .2 9 1 6 G  6 G  6 7 0.181489802 0„701435335






0 .54166666 7 0.478301740
0 0 .6 2 5 0 0 0 0 0 0 0.123747314 0. 47330:8740
0 ■ 5 0 „7 O 8 3 3 3 3 3 3 G . 141647100 0.547487067
1 n 5 0 .7 3 16 6 6 6 6 7 0„181489802 0„701435335
cl u b 0 „875G00G00 0„226886098 0.876948450
• J 0 .950333333 0.251728276 0.972967155
n ■"*' 1 0.278832971 1„074638706
tt - J 1. 0 4 1 6 6 6 6 6 7 0.270032971 1 * 074630786
4.5 1 . 125 0 .  3 3 518 8 2 8 5 i  O  C j '•’- j ’*!*< * j  O
4 1 . '2 O 8 3 3 3 3 3 3 0 » 3 8 5 8 2 5 2 3 7' 1 „ 1 .8 2 G 5 9 ?
■/j » 0 1 . 2 9 16 6 6 6 6 7 0 „ 278032971 .!. . 0 i1' 4 b  o  r  0 b
i „ 5 1 n3 7 5 0 „ 1 8 14 3 9 8 8 2 0.701485335
0 Ii 450333333 0.123747314 0.478301740
0 1 „ 5 4 1 6 6 6 6 6 7 0.123747314 0 .  i: i- 7 8 3 G 1 ?' ' 4  0
0 i „ 0.123747314 0.470301740
i „ 5 i . 7 0 8 3 3 3 3 3 3 0.101489882 0„701485335
2. 5 j. It791666667 0.226886093 0 „ 8 7 6 9 4 8 4 5 0
3 ■ 5 .1 j 8 7 5 0„270032971 1 „ 0 7 4 6 3 8 7 0 6
.U u C j o  o  o  ■”!' o  o  o 0.203431545 0 „ 7 8 6 4 8 6 3 7 5
T 1971
•2Sensor Height == 20.3 cm - Flow Rate = 0.28m^/min 
Angular Position AA' - 0.95 cm Balls (Figure 6.16)
h r „ P O S IT IO N LOO FlL VELOC. D I M . V E L O C I T
0-, 0 4 1 6 6 6 6 6 i7 0 . 16 0 8 8 6 5 3 8 0 „ 6 2 1 8 5 Ft 3 5 2
8 125 0 . 2 0 3 4 8 1 5 4 5 0 » 7 8 6 4 3 6 3 7 5
0 , 2 0 S 3 3 3 3 3 3 0 n 1 8 1 4 8 3 8 8 2 0 .  7 0 1 4  8 5 3 3 5
0 2 9 -16 6 6 S 6 7 0 . 1 6 8 8 8 6 5 3 3 U » b 2 1 3 5 FI Fl 8 2
0 .. 37 5 0 0 0 0 0 0 0 . 16 0 8 3 6 5 3 8 0 „ 6 2 1 8 5 0 3 5 2
0 . 4 5 8 3 3 3 3 3 3 0 . 16 0 8 8 6 5 3 3 8 „ 6 2 1 8 5 0 3 5 2
0 n5 4 16 6 6 6 6 ? 0 ■ 1 4 1 6 4 7 1 0 0 0 „ 5 4 7 4 3 7 8 6 7
0 . 3 2 5 0 0 0 0 0 0 8 . 1 4 1 6 4 7 1 0 0 0 . 5 4 7 4 3 7 0 6 7
0 . 7 0 8 3 3 3 3 3 3 i3. 1 6 0 8 8 6 5 3 3 0 ■ 6 2 1 8  5 0 3 5 2
Gi ■ 78 I 6' b b b b 7 0 » 16 0 8 3 6 5 3 8 0 . 6 2 1 3 5 0 3 5 2
0 .. 8 7 5 0 0 0 0 lit 0 0 »2 8 3 4 3 1 5 4 5 0 » 7 0 b 4 8 6 F.I 7 5
0 »C| O  '7.' ' " j  O  O  O 0 . 2; 2 6 8 8 6 0 3 8 0 „ 8 7 6 3 4 8 4 5 0
1 0 . 2 2 6 8 3 6 0 3 8 0 . 8 7 6 3 4 8 4 5 0
1 . 0 4 -166666  7 0 ■2 2 6  8 8 6 03  8 0 .  8 7 6 3 4 8 4 5 0
1 „ 125 0 » 2 0 3 4 8 1 5 4 5 0 7 8 6 4 3 6 3 7 5
I . 2 6 8 3 3 3 3 3 3 0 n 1 8 1 4 8 3 8 8 2 0 ■ 7 0 1 4 3 5 3 3 5
1 » 2 3 1 6  6 6 6  6 7 0 „ 16 0 8 8 6 5 3 8 0 » 6 2 1 3 5 0 3 5 2
1 n O  "7 0 . 168 8 86  5 3 8 0,, 6 2 18 5 id 3 5 £
1 . , -i ^  O  ‘”3 ' " j  *'3 '*3 '*3 *'3 0 . 1 6 0 3 y b 5 3 FI 0 « 6 £ 110 5 0 3 5 2
1 „ 5 4 1 b b b b b i-' 0 . 1 6 8 8 3 6 5 3 8 0 „ 6 2 1 3 5 0 3 5 2
:i.. 6 £ 5 0 . 1 6 0 3 8 6 5 3 3 0 .  i0  2 1 10 5 0 3 5 2
i „ ”7 |‘”j O  ' 3 '*3 '3'] *'3 **j *3 0 * l  y 14 y 3 y y 2 w » 7 Fi 14 y 5 y  y  5
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PREDICTED VELOCITY PROFILE (1.91 cm BALLS)
T 1971 189
SCALE' 8 j 2? 8 ? 4 
•44XIS 8» 8. 2 < 8 ? 2 
i-' H X I S y  ? 1 ? 0 ? 4 
•=: h x I b 4 f y » 2 3 y ? 8 
i'1 hi h! IS  2 j 1 !< hi j 4 
:;:,I....OT 8. 6 ? 3. 9 ? 1
.14 BEL (. * >" PR ED ICT ED VELOCITY PROFILE FOR"
.J4BEL ( * >" 1, 9 1 CM SPHERES AND N 1 =8., 27974 "
DIM U E I O U  
N=181 
D-i .•••'( N-l >
D 2 = K 9 8 5 E - 0 2  
Ml = 2. 8669E-85 
R 1=0.975 
N 1 =0,2797484
I I i - (■? 4 < RI * 0 „ 2 5 T 2 ) > * (hi» 3 8 4 8 / 68 >
U 1= 1“' .1. * K ' I' 2 ■& U 1
PR I NT " RflD. PCS I T I O N " ■ " LOCAL V E L . " > " I)I MENS I ON LESS V . :
FOR I “ 1 TO N 
X= < I -1 > *D
P r- M . 4 + 8. 6 * E X P (”• 2 « 1 * X * R ••' I) 2 >
REM 1)5 IS I) EFFECTIVE 
D5=D2* <1“EXP <~NI+X4R/D2 >T2>
F 1 = < 158* M :i. * < 1 P > f 2 > / < D 512 * P f 3 >
F 2 “ < 1 . 75 * R 1 * < 1 P > > <  I)5*P T 3 >
U [ I]:= ( - F 1 F 2 + < (F 1 / F 2 > f 2 + < 4 * 3 5 8. 8 F 2 >) T 8. 5 > / 2 
U2=uc I :.!/u :i.
PRINT X? Ui: I ];! U2 
F’ L U I" X ? U 8 
NEXT I
FOR 1=2 TO N  1
Xi = (I-l) *H 
S = S+ l-Xl )bi.j[ I ]
NEXT I
FOR~ I =3 TO N •-2 STEP 2 
X 2~<I“ 1)*D 
S 1 = S 1 + ( 1 X 2 > * i. J [ I 3 
NEXT I
T 1 = < 2 (N---1 > ;-bSi 
T2 = i ••■' < N~ 1 > *3 
T = (4 ••■' 3 > T 2 •- ( 1 ••' 3 >*T1
"I" :r.: 2 :'r p ]’ •+• R ' T' 2  +  T
V = f/< PI*RT-2 >
PR I NT " I NT VEL . " " AVERAGE . V E L . %  " I. F . R A T E " j " REAL F L O W "




0. 54 8,524802483 0 845183125i'j ir i:r b i. -J 0 ■ b 2 b 4 / fc b r'* 0 c47316553
0. 5 6 0.528038832 0 c5 0 4 7 5 7 9 9
0 . 57 0«529751603 0 853153577
Id CT\ I-; 0.531421723 0 855343263
0. 59 3.533095513 0 8b y b y y y 7 2
U » b 8.534769603 0 861234957
0 b 1 0 u b .j 6 '•■!• ':i- 0 '":l 4 3 0 86 3 9 2 6 61. 5
0 b 2 0 » 5 3 8 10 6 7 8 7 0 866609421
I;J u b 3 b  „ b 9 r' b 41010 4 0 8692 79397
0 u 10 4 0.541412358 0 8 7 19 3 2 9 7 2
0 . 65 8.543047837 0 874566955
0 . 6 0 i 5 4 4 6 6 9 4 8'2 0 87 717 3 5 0 0
0 10 7 0.54 6275576 0 c 7 y 7 b 5 0 7 y
0 . b 3 0 . b 4 r'1310 4 3 bi 0 832324459
0 . 69 0.549435375 0 834854673
0 u r 0 5 5 0 9 3 7 7 9 2 0 837354002
8. 7 1 0 5 5 2 5 1 9 6 0 4 0 8y 9 y 2 0 y 5 2
U a r c.i 0 ,i 55403051 1 0 892254236
U u ( • "* 0 5555 1 98:32 0 c94652755
k'} ,i r’ 4 0»556936991 0 8 97015533
m  *•? r.:r U „ i J 0 n553431512 0 C y y 3 41 y b 3
0 H 7 8 . 5 5 9 8 5 3 8 8 7 0 q 01631240
U » i‘ r 8 . 561251. 169 0 903332950
U u I o 0 , 5 6 2 6 2 5 7 6 5 0 906096708
t;i n d y 8 5  6 3 9 7 6 6 3 0 0 908272247
0. 8 0» 5 6 5 3 0 3 6 5 9 0 910409399
0 .8:!. 0. 5 6 6 6 0 6 8 0 2 0 912508082i"i O  O r 0 . 5 6 7 8 8 6 0 5 7 ti 14568296
id u 8 3 8.569141471 0 916590112
0. 8 4 8. 5 7 0 3 7 31 2 6 0 y 1 w b 7 3 ib b b|”:] O c:j 0.571531144 0 920519154
0 u 8 6 0 i. b r' 2 r' b b b b 9 0 922426321
id» c' (' 0 . 5 7 3 9 2 6 910 3 92 4 2 9 6 9 6 0
id a y 0 5 7 5 0 6 5 0 4 7' 0 92 b 1 2 y y 0 4
id«y y 0 it 5 7 6 1 8 8 318 0 92 7 9 2 6 0 2 4
y u y 0 b 7’ 7 2 7 2 9 7 4 0 9 29635723
0 .9 :i. 0,578343281 0 931409430
0 u 9!:".' 0.579391523 0 933097600
0. 93 0.580417994 0 93475071
0 u 94 0i, 531423001 0 9 3 6 3 6 9 2 5 3
0. 95 0 u 5 8 2 4 0 6 8 61 0 937953739
0. 96 0,, 583369893 0 939504689
0 .< 9 7 0.534312442 0 9 41022636
0 „ Q 0! 0.585234333 0 942508121
0 „ '̂! 9 8.586137401 0 943961692
1 8.587020497 0 945383900
INT. VEI.
8 „ 6 2 0 9 2 5 4 0 9
AVERAGE.VEL.
0.620933461
I -F . RATE
0 , 01132000!
Kb.Hi. b L.UL'1
0»011326739
